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A  two  phase  problem  definition  program  was  conducted  to  determine  the  need  for 
development  of  titanium  alloys  for  casting  high  speed  rotating  components,  e.g., 
compressor  impellers.  (U) 
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were  subjected  to  non-destructive  inspection,  and  after  appropriate  heat  treatment,  to 
tensile,  high  cycle  reverse  bending  fatigue,  ballistic  impact  and  mot a  I  I oai aph i c  tests 
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in  addition,  tensile  properties  and  destructive  spin  test  behavior  were  determined  tor 
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ABSTRACT 


A  two  phase  problem  definition  program  was  conducted  to 
determine  the  need  for  development  of  titanium  alloys 
for  casting  high  speed  rotating  components,  e.g.,  compreaau- 
impellers . 

Four  commercially  available  alloys,  T1-6A1-4V,  5&21S, 

IMI700  and  Beta  III  were  appraised  with  respect  to 
castability  and  end-item  casting  performance  potential. 

Phase  I  screening  studies  involved  casting  a  stylized 
shape  in  refractory  metal  face  coated  ceramic  shell  molds 
by  skull  melting  and  bottom  pour  induction  melting. 

Castings  were  subjected  to  non  destructive  inspection,  and 
after  appropriate  heat  treatment,  to  tensile,  high  cycle 
reverse  bending  fatigue,  ballistic  impact  and  metallographic 
tests.  On  the  basis  of  tensile  and  fatigue  test  data, 

T1-6A1-4V  alloy  was  considered  the  optimum  alloy  for  high 
speed  rotating  component  application.  This  alloy  was  further 
evaluated  in  Phase  II  via  low  cycle  fatigue  tests  of  skull 
melted  stylized  castings.  In  addition,  tensile  properties 
and  destructive  spin  test  behavior  were  determined  for  skull 
melted  compressor  impeller  castings  of  T63  engine  configuration. 
Ceramic  molds  were  instrumented  in  an  attempt  to  correlate 
cooling  curves  with  microstructure  and  mechanical  properties. 

It  was  concluded  that  castability  of  the  alloys  evaluated 
is  essentially  Identical,  and  that  there  is  no  apparent  need 
to  develop  new  alloys  for  the  purpose  of  producing  complex 
titanium  castings  for  visualized  high  speed  rotating 
component  applications. 
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SECTION  I 


INTRODUCTION 


The*  systematic  use  of  any  new  material  produced  into  usable 
forms  for  gas  turbine  engine  components  requires  a  specific 
path  of  development  anu  analysis  to  ensure  functional 
integrity. 

A  major  problem  which  largely  prevented  use  of  titanium 
castings  was  mold  reaction  with  the  liquid  titanium  alloy. 
Development  of  a  shell  molding  method  Incorporating 
refractory  metal  impregnated  mold  surfaces  has  been 
accomplished.  Thus,  attention  can  now  be  directed  toward 
determining  the  capabilities  of  the  precision  Investment 
casting  process  to  mane  complex  shapes  to  finished  dimensions, 
the  suitability  of  specific  alloys  for  such  castings,  and  tne 
merits  of  various  melting  practices.  The  overall  goals  of  an 
alloy  development  program  are  to  provide  titanium  casting 
alloys  matched  to  specific  casting,  processes  for  a  broaa 
spectrum  of  sizes  and  structural  requirements  -  all  with 
"satisfactory"  surface  finish  and  minimum  weld  repair  needs. 
The  overriding  principle  is  the  levelopment  of  a  competitively 
priced  system  satisfying  the  range  of  structural  needs. 

This  problem  definition  program  was  conducted  to  determine 
the  need  for  new  alloy  development  by  first  appraising  the 
suitability  of  presently  available  titanium  alloys,  with 
respect  to  castability  and  end-item  casting  performance 
potential,  for  application  to  complex  gas  turbine  engine 
components.  Emphasis  was  placed  on  requirements  of  high 
speed  rotating  elements,  e .g.,  centrifugal  Impeller,  with 
thin  high  aspect  ratio  elements. 

The  alloy  and  end-item  casting  goals  were: 

•  Castability  that  permits  the  filling  of  web  sections 
with  aspect  ratios  of  20:1  when  abutted  to  a 
massive  primary  section. 

•  Static  strength  of  130  nsi  ultimate  (normalized  to 
tne  density  of  Ti-6Al-4V)  with  an  elongation  of 
10^  and  a  reduction  of  area  of  lOjit. 

•  Freedom  from  Internal  shrinkage,  laps,  and  hot  tears 
when  matched  to  specific  casting  and  molding  practices. 
Specifically,  radiographic  quality  at  least  equal  to 
ASTM  E192,  Grade  3  in  thin  sections. 
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This  report  describes  work  performed  during  the  contract. 
It  includes  a  description  of  the  experimental  procedures, 
discussion  of  the  results,.  conclusion*^  and  re  ion 
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SECTION  II 


EXPERIMENTAL  PROGRAM 


The  program  was  divided  into  two  phases:  I  -  Commercial 
Alloy  Screening  and  Property  Evaluation;  and  II  -  Optimum 
Alloy  Evaluation.  The  basic  test  plan  is  shown  in  Table  I. 

2.1  PHASE  I  -  COMMERCIAL  ALLOY  SCREENING  AND  PROPERTY 
EVALUATION 

2.1.1  Comme r clal  A1 1  o y _  Tor  study 

The  four  commercially  available  heat  treatable 
titanium  alloys,  normally  used  as  wrougnt  products, 
selected  for  initial  studies  to  determine  tneir 
characteristics  as  casting  alloys  are  listed  in 
Table  II. 


Table  II 

Char a c t e r 1 sties  of  Eel ec ted  Titanium  Alloys 


Alloy 

Structure 

Strength  at 
Ambient 

temperature 

Elevated 

T1-6A1-4V 

a  +  a 

Medium 

Low 

IMI700 

or  +  0 

High 

Medium 

5621S 

“  ♦  0 

Medium 

High 

B120VCA 

0 

High 

Low 

These  alloys  represented  a  wide  range  of  compositions, 
as  well  as  a  wide  range  of  strength  capabilities  from 
ambient  to  elevated  temperatures  up  to  700F. 

Early  in  Phase  I,  alloys  IMI700  and  B120VCA  were 
replaced  with  Beta  III  alloy.  Newly  published  data 
Indicated  that  Beta  III  had  higher  potential  than 
the  replaced  alloys  with  regard  to  achieving  the 
program  goals. 

The  alloys  were  purchased  from  the  following  vendors  : 

T1-6A1-4V:  Harvey  Aluminum  -  Heat  No.  32142486 
Ti-oAl-4v(a) :  Titanium  Metals  Corp.-  Heat  K2322 
56213:  Reactive  Metals  Inc.  -  Heat  No.  29420 
5621o(a);  Oregon  Metallurgical  Corp.  -  Heat  No.  5174-PI 
IMI700 :  C.  Tenr.ant  Sons  and  Co.  -  Heat  No.  A74p4 
B120VCA :  Titanium  Metals  Corp.  -  Heat  No.  K2481 
Beta  III:  Colt  Industries  Crucible  Inc.:  Heat  No.  Kpd'-L 

(a)  These  heats  were  required  to  complete  the  program 
following  Phase  I  mid-course  redirection. 
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2.1.2  Test  Casting  Conf lguratlon 


A  stylized  casting  configuration,  shown  in  Figure  1, 
was  designed  to  (1)  provide  specimens  for  metal lograpuic 
evaluation  and  mechanical  property  teats,  (2)  obtain 
comparative  evaluations  of  alloy  castabllity,  and  (3) 
determine  eff  ,l.Is  uf  casting  practice  ana  thermal 
treatments  on  casting  dimensions.  The  structure  and 
properties  of  this  universal  shape  were  expected  to 
closely  represent  those  In  critical  sections  of 
various  turbine  engine  components,  e.g.,  a  compressor 
Impeller  web  (heavy  section)  and  vanes  (thin  section) 
as  well  as  a  compressor  vane  airfoil  (thin  section). 

The  wax  pattern  die  for  the  sty1! zed  specimen,  built 
by  Detroit  Diesel  Allison  Exp  rlmental  Manufacturing, 
contained  inserts  which  permitted  fabrication  of 
patterns  with  thin  section  thickness  of  either  0.060  or 
0.080  in.  Originally  the  design  did  not  incorporate 
a  taper  in  the  thickness  direction  of  the  thin  test 
sections,  but,  a3  described  in  Jection  III,  the  taper 
was  later  required  to  enhance  thin  section  quality. 

2.1.3  Instrumentation 

Test  casting  molds  were  instrumented  with  thermocouples 
to  permit  evaluation  of  the  interrelationships  between 
cooling  rate,  mechanical  properties,  grain  size  and 
other  microstructural  features.  The  temperatures  of 
both  the  shell  mold  and  the  actual  casting,  in  both 
the  thick  and  thin  sections,  were  monitored  on  a 
limited  number  of  castings  to  establish  a  correlation. 

It  was  Intended  that  once  the  correlation  between 
shell  and  cavity  had  been  established,  only  the  shell 
mold  would  be  instrumented.  A  mold  instrumentation 
schematic  is  shown  in  Figure  2.  Ta  sheathed  W-W/Re 
thermocouples  were  used  in  the  cavity  and  bare  W-W/Re 
couples  in  the  shell.  The  cavity  thermocouples  were 
Installed  just  prior  to  casting.  Thermocouple  outputs 
were  recorded  by  high  speed  oscillographic  devices. 

A  preliminary  test  of  a  0.014-in.  dia.  Ta  sheathed 
W-W/Re  thermocouple,  in  contact  with  molten  Ti  alloy 
during  casting  and  alloy  solidification,  was  conducted 
to  determine  test  efficiency  and  thermocouple  life. 

A  thermocouple  was  inserted  into  the  cavity  of  a 
graphite  mold  and  exposed  to  a  molten  charge  of 
T1-6A1-4V  alloy.  The  thermocup le  output  was  recorded 
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Schematic  for  instrumenting  stylized  titanium  casting 


on  a  fast  response  X-Y  recorder,  using  parameters 
of  time  versus  temperature.  Sectioning  of  the  ingot 
and  resultant  microexamination  of  the  thermocouple 
sheath  revealed  only  minor  surface  effects  due  to 
alloy  diffusion.  Thermocouple  integrity  was  inviolate 
and  considered  satisfactory  for  recording  of 
solidification  curves.  W-W/Re  bare  wire  was 
encapsulated  in  a  trial  mold  and  exposed  to  a  3000F 
temperature  in  a  laboratory  furnace.  Results  of 
this  test  indicated  accurate  recording  of  shell 
temperatures  and  it  was  thus  concluded  that  an 
unshielded  thermocouple  could  be  employed  satisfactorily. 

2.1.4  Melting  and  Casting  Processes 

Both  induction  and  consumable  electrode  3kull  melting 
procedures  were  used  at  the  start  of  the  program.  A 
review  of  early  Phase  I  castability  data  indicated 
that  the  program  goals  could  best  be  achieved  by  skull 
melting  alone.  At  that  point,  induction  melting  was 
eliminated  from  the  program, 

2. 1.4.1  Induction  Melting 

The  induction  melting  practice  used  by  TRW  Metals 
Div.  can  be  described  with  the  aid  of  Figure  3.  A 
specially  designed  Induction  coil  is  placed  around 
an  expendable  crucible  as  shown.  The  bottom  of  the 
crucible  contains  a  titanium  alloy  plug  of  the  same 
composition  as  the  main  charge.  The  metal  charge 
is  mechanically  suspended  and  does  not  contact  the 
graphite  crucible  wall  until  completely  molten  and 
then  for  only  a  few  seconds.  A  specially  programmed 
power  application  is  used  to  heat  the  entire  charge 
to  within  a  few  degrees  of  the  melting  temperature. 
Power  Is  then  increased  substantially  to  cause  total 
melting  within  a  few  seconds.  Almost  Immediately 
thereafter,  the  bottom  plug  melts  and  the  molten 
charge  is  automatically  tapped  through  the  bottom 
of  the  crucible.  The  degree  of  superheat  obtained 
Is  determined  by  the  size  of  the  metal  plug  used. 
Reproducibility  of  the  pouring  temperature  is 
excellent,  typically  +  10F.  Melting  and  pouring 
rates  are  also  remarkably  reproducible.  A  vacuum 
of  10  microns  or  less  Is  maintained  throughout  the 
melting-pouring  cycle.  The  chamber  is  back  filled 
with  dry  argon  about  2  minutes  after  pouring  to 
reduce  total  cycle  time. 

T1-6A1-4V  alloy  castings  melted  by  this  method  and 
poured  in  graphitized  ceramic  molds  have  consistently 
conformed  to  AMS  4928  composition  requirements. 
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Figure  3.  Schematic  of  induction  melting  process  used  b 
Metals  Division  for  titanium  alloy  casting. 
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provided  that  carbon  content  of  the  ingot  was 
suitably  low,  e.g.  <p.05#. 

The  Induction  process  provides  molten  metal  at 
controlled  superneat  from  very  rapid  induction 
melting  cycles  which  are  chert  enough  to  prevent 
si.  uif leant  contamination  of  molten  titanium  by 
the  relatively  inert  graphite  crucible.  For 
example,  it  is  possible  to  melt  and  pour  an  eight 
pound  charge  of  titanium  in  approximately  four 
minutes.  Of  this  four  minute  time,  the  charge  is 
molten  less  than  one  minute.  The  very  fast  melting 
cycle,  combined  with  levitation  effects  on  the 
charge,  produces  molten  titanium  of  aircraft  quality. 

2. 1.4. 2  Skull  Melting 

The  skull  melting  process,  used  by  REM  Metals 
Corporation,  is  accomplished  in  a  consumable  electrode 
furnace.  The  chamber  contains  a  sodium-potassium 
cooled  copper  crucible  in  which  melting  is  accomplished. 
The  melting  stock  is  a  large  electrode.  An  arc  is 
struck  between  the  tip  of  the  electrode  and  the  copper 
crucible,  thereby  causing  titanium  to  melt  from  the 
tip  of  the  electrode  and  to  form  a  molten  puddle  in 
the  crucible.  Since  the  crucible  is  cooled,  titanium 
immediately  in  contact  with  the  crucible  walls 
freezes  forming  a  "skull".  In  effect  then,  the 
molten  material  is  contained  within  a  crucible  of 
itself  or  of  the  same  alloy  composition.  This 
eliminates  the  possibility  of  contamination.  When 
an  adequate  amount  of  metal  has  been  melted  to  fill 
the  mold,  the  power  is  turned  off,  the  electrode 
retracted  from  the  crucible,  and  the  crucible  turned 
to  pour  the  metal  into  the  mold.  Usually  85#(  of  the 
metal  is  poured  and  15#  is  retained  as  "skull".  A 
vacuum  of  10  microns  or  less  Is  maintained  throughout 
the  melting-pouring  cycle.  fields  are  held  In  the 
vacuum  after  pouring  until  the  temperature  drops  to 
approximately  400F.  Titanium  alloy  electrodes  are 
purchased  from  commercial  alloy  suppliers  as  double 
vacuum  melted  forging  stock.  Thus,  the  casting 
contains  triple  vacuum  melted  alloy, 

2. 1.4.3  Molding,  Insulation,  Preheating,  and  o ar: -up 

Uninsulated,  tungsten  metal  face  coated  ceramic 
shell  molds,  of  the  same  formulation  and  thickness 


were  used  throughout.  All  were  prepared  by  REM 
Metals  Corp,  U*  2) 


A  mold  preheat  temperature  of  JOOF  was  used  to 
pour  skull  melt  stylized  castings.  Tnio  temperature 
was  established  during  a  General  Motors  funded 
precontract  program  as  suitable  for  achieving 
ASTM  S19f  Grade  3  rauiograpnic  quality  in  thin 
sections  of  T1-6A1-4V  castings.  Gnde  3  Is 
commensurate  with  Detroit  Diesel  Allison  require¬ 
ments  for  the  steel  version  of  the  Impeller 
component.  These  parameters  were  then  used  as 
the  base  line  parameters  for  the  other  alloys  so 
as  to  have  a  direct  comparison  for  castabiiity. 

A  higher  preheat  temperature,  determined  by 
experimentation,  was  required  to  avoid  severe 
misrun  of  thin  sections  in  castings  poured  by  the 
induction  melting  practice. 

All  casting  knock-out  and  clean-up  operations  were 
preformed  by  REM  Metals  Corp.  Clean-up  consisted 
of  grit  blasting  with  garnet  sand  followed  by 
immersion  in  a  hot  caustic  salt  bath  (Kolene,  DGS) , 


2.1.5  Screening  Tests 
2.1.5. 1  Castabiiity 


The  castabiiity  of  the  selected  alloys  was 
determined  by  adjusting  the  high  aspect  ratio 
castabiiity  sections  of  the  stylized  casting  so 
as  to  produce  incomplete  filling  by  the  base  line 
alloy  T1-6A1-4V.  The  other  alloys  were  then  cast 
into  the  stylized  configuration  under  the  same 
casting  parameters.  The  degree  of  fill  and  general 
quality  of  the  castings  was  then  used  as  an  index 
of  the  Individual  alloy’s  castabiiity.  Radiographic, 
fluorescent  penetrant  and  visual  inspection 
techniques  were  used  to  determine  the  quality  of 
the  castings. 


(1)  U.S.  Patent  No.  3S422,880:  Method  of  Making  Investment 
Shell  Molds  for  the  High  Integrity  Precision  Casting  of 
ReacTTve  and  Refractory  Metals  (nSM.  MeTals  Corporation")- . 

(2)  U.S.  Patent  No.  3>537,94S>:  Investment  Shell  Molds  for 
the  High  Integrity  Precision  Casting  of  HeactTve~~~ana~'~ 
Refractory  Metals  and  Methods  for  their  Manufacture 


2. 1.5.2 


Dimensional  Stability 


It  was  Intended  and  would  have  been  desirable  to 
measure  dimensional  effects  of  heat  treating  on 
the  thin  test  sections.  However,  the  need  to 
obtain  flat  specimens  for  mechanical  tests  resulted 
in  a  decision  to  remove  the  thin  sections  from  the 
heavy  sections  prior  to  heat  treatment.  One  whole 
casting  was  solution  treated  and  aged.  Measurements 
before  and  after  heat  treatment  showed  no  distortional 
effect  of  the  heat  treatment.  Thus,  dimensional 
inspection  of  stylized  castings  was  deleted. 

2 . 1 . 5 . 3  Tensile  Tests 

Room  temperature  tensile  properties  were  determined 
for  thin  and  thick  sections  of  the  castings.  The 
thin  section  specimens  were  flat  samples  while 
standard  0.252  in.  diameter  specimens  were  generated 
from  the  thick  sections.  A  minimum  of  six  thin 
section  and  four  thick  section  tensile  tests  were 
conducted  on  each  alloy-casting  vendor  combination. 
Measured  values  were  ultimate  strength,  0.2$  yield 
strength,  proportional  limit,  $  elongation,  $  re¬ 
duction  of  area  and  elastic  modulus. 

Elevated  temperature  tensile  tests  were  performed  at 
700F  on  thick  sections  of  the  castings,  using  four 
specimens  for  each  alloy-casting  vendor  combination. 

Both  room  and  elevated  temperature  test  specimens 
from  thick  sections  were  run  using  a  RIehle  60,000  lb. 
capacity  unit  with  a  strain  rate  of  0.005  In/ln/min 
to  the  yield  point.  Strain  was  then  increased  to 
approximately  0. 10  in/in/min,  producing  failure  in 
less  than  1  minute.  Extensometers  were  used  for 
strain  measurement. 

Thin  section  tests  were  conducted  using  an  Instron 
10,000  lb.  capacity  unit  with  a  strain  rate  of  as  0.020 
In/in/mln  from  start  to  failure.  An  Istron  extensometei' 
with  a  0.5  in.  gage  section  was  used  for  strain  measure¬ 
ment.  Flat  0.250  In.  width  by  0.05-0.06  in.  thick  by 
1.125  in.  length  reduced  section  specimens  were  used. 

2.1.5 .4  High  Cycle  Fatigue 


Thin  sections  of  the  castings  were  evaluated  for 
room  temperature  high  cycle  fatigue  properties  by 
vibrating  cantilever  beam  specimens  in  the  fundamental 
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bending  mode  by  means  of  an  air  blast  directed 
axially  at  the  free  end  of  the  beam.  Strain  cages 
were  used  to  monitor  maximum  bending  strains  which 
Wei'?i.COrre^a^e^  arnPHtude  measured  by  a 

calibrated  telescope.  The  incremental  step  fatigue 

x  - - -  ww  ucb^riuiiie  one  n  x  iuw  cvc le 

fatigue  strength  in  reversed  bending  for  each  specimen 
Tnls  involved  vibrating  the  specimen  at  its  resonant 
frequency  at  an  initial  stress  level  estimated  to  be 
nali  or  the  fatigue  endurance  limit  stress  and  in- 
creasing  the  stress  level  by  10$  of  the  estimated 
endurance  limit  stress  on  each  succeeding  step.  The 

CT*!'f^0n  ^or  fa^ure  was  established  as  either  a 
visible  crack,  which  generally  resulted  in  total 
fracture,  or  a  rapid  decrease  in  fundamental  frequency. 

The  endurance  limit  was  determined  by  ad  lusting  the 
failure  strain  by  the  following  relationship; 


Adjusted  failure  strain  -  in 


+  K  (  ^ 


En  =  strain  level  of  preceding  step,  in/in. 
A«  =  Ef  -  En 

Ef  =  strain  level  at  failure,  in/in. 

K  =  correction  factor  calculated  from 
the  following  relationship 

Cycle  ratio  -  number  of  cycles  to  failure 
on  final  step  level 

endurance  limit  cycles  (5~x~10°) 
Cycle  ratio  K 

9  -  5$  5$ 

6  -  20<?  20$ 

21  -  50$  50$ 

51  -100$  80$ 

The  adjusted  5  x  10°  cycle  endurance  limit  was 
obtained  by  multiplying  the  adjusted  failure 
strain  by  the  modulus  of  the  material. 

2. 1.5. 5  Ballistic  Impact 

The  relative  foreign  object  damage  resistance  of 
the  thin  sections  of  the  castings  was  evaluated  by 
■?a"-"a^c  Impact  testing.  Spherical  steel  pellet's, 
0.177  in.  diameter  were  impacted  normal  to  surface 
of  specimens  supported  on  both  ends.  The  relative 
damage  caused  by  impact  velocities  up  to  755  feet, 
second  (7  ft-lb)  was  measured  by  the  amount  of 
cracking  produced  and  compared  to  wrought  TI-oAI-mV 
material  at  the  same  thickness. 


2. 1.5.6 


Microstructure 


General  metallographic  examination  was  made  of  the 
thin  and  thick  sections  to  correlate  grain  size 
and  phase  distribution  with  mechanical  properties 
and/or  solidification  rate.  In  addition,  surface 
contamination,  due  to  the  casting  process,  was 
evaluated  on  thin  and  thick  as-cast  material  by 
electron  microprobe  analysis. 

2.2  PHASE  II  -  OPTIMUM  ALLOY  EVALUATION 

2.2.1  Low  Cycle  Fatigue  Tests 

The  results  of  the  screening  tests  were  reviewed  to 
determine  the  ranking  of  the  alloys  produced  by  the 
REM  casting  process.  T1-6a1-4v  was  selected  as  the 
alloy  with  the  best  overall  combination  of  castability, 
quality  and  mechanical  properties  and  was  cast  into 
ten  (10)  additional  stylized  test  samples  for  low  cycle 
fatigue  testing.  Isothermal,  strain  controlled  low 
cycle  fatigue  tests  were  conducted  at  room  temperatux^e 
and  700F  on  specimens  removed  from  the  thick  section 
of  the  test  castings.  Seven  specimens  were  tested  at 
each  test  temperature  in  order  to  establish  strain 
range  vs  cycles  to  failure  relationships.  Plots  of 
plastic,  elastic  and  total  strain  range  as  a  function 
of  cycles  to  failure  were  generated  for  lives  between 
1  and  10,000  cycles. 

2.2.2  Component  Casting  Evaluation 


The  alloy  selected  for  low  cycle  fatigue  evaluation 
was  also  cast  into  the  T63  Impeller  configuration, 
using  the  optimum  casting  process.  Two  impeller 
castings  were  made.  A  photograph  of  the  subject 
Impeller  is  shown  In  Figure  4.  This  part  is  typical 
of  complex  configurations  of  highly  stressed  dynamic 
components  which  will  benefit  technically  and  cost-wise, 
when  produced  from  lightweight,  high-strength  corrosion 
resistant  titanium  alloy  casting. 

Radiographic,  fluorescent  penetrant,  and  visual 
inspections  were  performed  on  the  as-cast  impeller 
castings  and  again  after  heat  treatment. 

One  impeller  casting  was  sectioned  for  tensile 
properties  and  microexamination.  Room  temperature 
tensile  tests  were  conducted  on  the  heat  treated 
castings  for  comparison  with  the  screening  test 
results.  Metallographic  studies  for  surface 


contamination,  general  quality, 
micros true tural  characteristics 
heat  treated  casting. 


grain  size,  and 
were  made  on  the 


i-mP®Her  casting  was  spin  tested  to 

acstructxOu  at  ruom  temperature  and  failure 
analysis  was  performed  to  determine  mode  of 
i allure . 
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SECTION  III 


RESULTS  AND  DISCUSSION 


3.1  PHASE  I  -  COMMERCIAL  AT.T.nv  SCREENING  AND  PROPERTY 
EVALUATION 

3.1.1  Castabl 11 ty 

Castabllity,  as  determined  by  visual  and  raulographlc 
examination,  of  the  stylized  specimen  cast  in  the 
program  is  summarized  in  Table  III. 

3 . 1 . 1 . 1  Visual  Evaluation 

Based  on  the  visual  appearance  of  the  castabllity 
sections  and  the  thin  test  sections,  there  was  no 
apparent  difference  in  the  castabllity  of  T1-0A1-4V, 
5621S,  IMI700,  and  Beta  III  alloys  when  cast  by 
either  the  skull  or  induction  melting  processes. 

Representative  skull  melt  castings  of  nontapered 
thin  test  section  conf iguration  from  REM  are  shown 
in  Figure  5.  The  same  variability  in  degrees  of 
fill  of  the  0.035  in.  castabllity  sections  was  noted 
both  between  castings  of  the  same  alloy  and  between 
casting  of  different  alloys.  This  was  also  true  for 
specimens  cast  with  the  tapered  thin  test  sections. 

Representative  induction  melt  castings  of  nontapered 
thin  test  section  specimens  from  TRW  are  shown  in 
Figure  6.  Again  the  degree  of  fill  of  the  castabllity 
sections  did  not  appear  to  be  alloy  sensitive. 

The  data  of  Table  III  indicate  that  skull  melting 
was  more  successful  than  induction  melting  with 
respect  to  producing  sound  thin  test  sections.  A 
possible  explanation  for  the  inability  to  consistently 
fill  the  mold  when  using  the  TRW  bottom  pour  induction 
melting  process  is  that  the  coldest  portion  of  the 
melt  (the  last  of  the  charge  to  melt)  enters  the  mold 
first  and  is  solidifying  before  completely  filling 
the  cavities.  One  casting  withO.ObO  in.  thin  sections 
was  poured  at  TRW  using  a  very  high  1500F  mold  preheat 
temperature.  Two  coats  of  the  prime  dip  were  employed 
on  this  mold  in  order  to  prevent  penetration  of 
titanium  to  the  ceramic  backup  shell.  Again,  the 
thin  test  sections  did  not  fill  completely.  Therefore, 
additional  castings  from  TRW  used  theO.OdO  in.  instead 
of  0.060  in.  thin  test  sections. 


:;o21S  Alloy 
Neg.  No.  8-29553 


Ti-uAl-‘tV  alloy  witiiO.Ouc  in.  ttv, t  sections 
Nog.  No.  '6~2'jl\Tl 


po2Id  alloy  wlthO.OoO  in.  test  sections 
Neg.  No.  ti-2ij4‘o4 


Figure  o.  Titanium  alloy  stylised  castings  produced  ay 
induction  melting:  process  at  THW  (Magn  1/ 3X ) . 
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3 . 1 . 1 . 2  Radiographic  Evaluation 

The  thin  teat  sections  were  removed  from  the 
heavy  section  of  the  stylized  specimens  prior 
to  radiography  to  present  an  optimum  situation 
for  X-ray  inspection. 

In  general,  radiographs  of  stylized  castings,  with 
nontapered  thin  sections,  showed  thin  section 
imperfections  corresponding  to  ASTM  E1&2  Grade  4 
or  higher  regardless  of  casting  process.  This  was 
not  commensurate  with  requirements  for  highly 
stressed  rotating  components.  Present  X-ray 
standards  for  impellers  (Detroit  Diesel  Allison 
specification  EIS  675-7)  covers  precision  castings 
of  nickel,  iron  and  cobalt  base  alloys.  This 
specification,  referencing  ASTM  E1&2  radiograpnic 
standards,  requires  a  grade  no  worse  than  3  on  thin 
sections  .  The  imperfections,  as  shown  in  Figures 
7  and  8,  appeared  as  dendritic/sponge  shrinkage 
and  gas  porosity.  The  spots  of  porosity  in  the 
skull  melt  castings  appeared  to  be  smaller  and 
more  evenly  distributed  than  those  in  the  induction 
melt  castings  which  were  more  gobular.  Large  areas 
of  porosity  evidenced  by  the  white  spots,  are 
plainly  visible  in  Figure  7.  These  areas  were 
visible  by  X-ray  only.  Visually,  the  sections 
appeared  to  be  structurally  sound.  Sectioning 
of  these  areas  showed  a  hollow  vane  effect  where 
the  alloy  had  solidified  at  the  mold  walls  but 
failed  to  fill  the  center  portion. 

Subsequently,  a  1.5  degree  taper  was  incorporated  on 
each  side  of  the  thin  sections  to  aid  in  feeding 
during  solidification  in  order  to  reduce  or 
eliminate  the  dendritic  type  shrinkage.  The  original 
design,  meant  to  sort  out  subtle  differences  in  the 
alloys,  had  served  its  purpose.  In  general,  the 
tapered  thin  sections  of  all  three  alloys,  T1-6A1-4V, 
5621S  and  Beta  III,  showed  radiographic  quality  that 
did  meet  or  exceed  the  grade  3  standard.  Represen¬ 
tative  radiographic  prints  are  shown  in  Figure  y. 

No  one  alloy  was  significantly  better  than  any  other. 

The  thick  sections  of  the  castings  were  generally 
satisfactory.  The  representative  positive  prints 
shown  in  Figure  10,  illustrate  the  general  types 
of  defects  noted,  i.e.  centerline  shrinkage  and 
tungsten  inclusions.  There  were  a  few  incidents 
of  isolated  gas  porosity  not  associated  with  the 
centerline  pipe.  The  gas  porosity  and  inclusions 


21 


I 


T1-5A1-4V  Alloy 
Neg.  No.  8-29472 


po2l3  Alloy 
Neg.  No.  8-33025 

Figure  8.  Positive  radiographic  prints  of  typical  nontapered 
thin  test  sections  of  stylized  castings  cast  by 
induction  melting  process  by  TRW.  (Magn  IX) 


Figure  9.  Positive  radiographic  prints  of  typical  tapered  thin  test  sections  of 
stylized  castings  cast  by  skull  melting  process  by  REM.  (Magn  IX) 
Neg.  No. 8-33055 


Neg.  No.  8-29474 


Figure  10. 


Neg.  No.  8-33020 


Radiographic  prints  of  typical  heavy  sections  of 
titanium  stylized  castings  snowing  centerline 
shrinkage  and  tungsten  inclusions.  The  black 
lines  are  thermocouple  probes.  (Magn  lx) 


C  C*. 


do  not  reflect  on  an  alloy's  Inherent  castabilifcy 
but  are  related  to  routine  foundry  problems  with 
respect  to  fabrication  of  high  integrity  shell 
molds . 

Heat  Treatment 

The  stylized  castings  were  neat  treated  prior  to 
mechanical  testing.  All  were  solution  treated  with 
a  protective  atmosphere  of  argon.  However, 
approximately  0.00b  in.  stocx  was  removed  from  each 
side  of  the  thin  test  sections  prior  to  specimen 
generation  for  mechanical  testing  as  a  precautionary 
measure  in  case  some  surface  contamination  had 
occurred  during  heat  treatment. 

The  thermal  treatments  employed  were  a3  follows: 

Ti-oAl-4v  -  Solution  treatment:  1750F-1  hr. (Argon)  - 
H2O  quench 

Age  treatment:  1000F-4  hr.  (Air)  +•  A/C 
(STA) 

T1-6A1-4V  -  Annealing  treatment:  130QF-2  hr. (Argon) 

♦  A/C 

5621S  -  Solution  treatment:  1800F-1  hr. (Argon)  + 

a/c 

Age  treatment:  1100F-2  hr. (Air)  t  A/C  (STA) 

IMI700  -  Solution  treatment:  1550F-1  hr. (Argon)  ♦  a/C 
Age  treatment:  930F-24  hrs.(Air)  A/C  (STA) 

Beta  III  -  Solution  treatment:  1350F-1S  min, (Argon)  ♦ 
H2O  quench 

Age  treatment:  950F  or  900F-4  hrs.(Air)  + 
A/C  (STA) 

An  aging  temperature  of  95OF  was  utilized  for  the 
initial  Beta  III  tensile  tests,  based  on  the 
recommendation  of  REM.  The  test  results  indicated 
that  a  lower  aging  temperature,  e.g,,  900F,  might 
provide  higher  strength.  Thus,  the  lower  age 
temperature  was  used  for  the  remaining  Beta  III 
testing . 


3 . 1 . 3  Physical  and  Mechanical  Properties 


3.1.3. 1  Chemical  Analysis 

Chemical  analyses  were  determined  for  castings 
of  each  vendor-Alloy  combination.  Representative 
analyses  are  listed  in  Table  IV  along  with  the 
desired  end-item  and  starting  material  ingot 
analyses.  Skull  melt  castings  conformed  essentially 
to  prescribed  alms.  Castings  produced  by  the 
Induction  melting  process  were  slightly  higher  in 
bulk  carbon  content  due,  probably,  to  pick-up  from 
the  graphite  crucible. 

Electron  microprobe  analyses  were  conducted  on 
transverse  samples  from  the  thin  sections  of 
typical  stylized  shapes  in  the  as  cast  condition. 
There  was  no  evidence  of  tungsten  mold  material 
diffusion  or  other  reaction  in  or  on  the  casting 
surface.  The  microprobe  analyses  did  not  include 
evaluation  of  interstitial  elements. 

3 . 1 . 3 . 2  Tensile  Tests 

All  tensile  specimens  were  radiographically 
inspected  after  machining.  The  induction  melt 
specimens  (TRW)  met  ASTM  Ely2  Grade  4  or  better 
while  the  skull  melt  (REM)  specimens  met  Grade  3 
or  better.  This  quality  difference  is  reflected 
in  the  lower  ductility  of  the  thin  induction  melt 
specimen  s. 

Results  of  tests  on  stylized  castings  of  T1-6A1-4V 
and  5621S  alloys  produced  by  the  TRW  induction 
melting  process  are  listed  in  Table  V.  Thin  section 
tensile  data  are  given  for  only  annealed  material  in 
the  T1-6A1-4V  alloy.  No  solution  treated  and  aged 
thin  section  specimens  of  T1-6A1-4V  alloy  were 
tested  due  to  poor  structural  integrity.  No  thin 
section  data  were  obtained  for  562IS  alloy  due  to 
poor  castings  fill.  Both  room  temperature  and 
700F  tests  were  conducted  on  specimens  generated 
from  thick  casting  sections.  Strength  of  thin  and 
thick  sections  were  comparable  although  ductility 
of  the  thin  sections  was  lower. 

Table  VI  lists  room  temperature  data  on  thin  (flat) 
and  thiCK  (round)  section  tensile  specimens  from 
castings  produced  by  the  REM  skull  melting  practice. 
Elevated  temperature  data  (700F)  are  given  in 
Table  VII.  Tensile  properties  of  skull  melt  castings 
are  summarized  graphically  in  Figures  11,  12,  and  13 . 


27 


co  ..tv  •  <  .  ■>  w, 

o  Oh  k  \  ri 

0  0  0.1  i- 


O  O  !..l  A 
f'O 

O  O  O  [-1 


,0  <rt 
0) 
*3  tn 
<0  (fl 
Id  CJ 
O  a 
o 

«  f4| 

um.l 
c: 

*H  ti), 
-p  l: 

CO  *r  ^ 

aJ  P 

O  rl 
<!> 
n  :*; 

•.  *  r  ( 

rH 

at  :j 
4  3  V 
■rH 

F-i 

■d 
<n  t  : 
O  cd 

w  bO| 
W  C 
tn  **h 

rH  rH 

c 

rH  O 
CtJ  rH 
O  4> 

£  3 

iSS. 

o  Ml 


O 


i  wvn  x 

ihh  al 


l  I  I  I  l 
l  I  l  I  l 
i  1  i  l  l 


11(11 
I  l  I  I  I 

I  I  i  I  i 


(lilt 
iltil 
i  l  i  l  i 


-t  c\j  in  in  x 

CM  rH  V\J  (Tj 

••••{; 


O  OOJO  * 
•H  CO  (VI  CO  (d 
o  O  O  O  E 


men  on  o  o 
H  o  h  m  i c\ 


O  o  o>  o  o 

-ct  oirl  LOm 

«  t  «  >  . 

VOVO^O  iAvO 


a\  if-  o  x 

O  rH  lA  (\i 
OOOls 

*  «  i 

s-w  mm 
o  o  o  o 
o  o  o  o 

•  4  •  ■ 

in 

Oil) 

Oil) 

•  i  i  i 

0\O 

HHrl 

OOO 

4  4  4 

o\oj  m 

838 

*  »  t 

O  O  1.0 
r-  t--  cm  x 

O  OH  fH 

a  o  o  rj 

ONNin 
r>1 01  Cvl  t— 

1  ^  n  q 

J  IJ  o  o 

o  o  o 

men oi  k 

O  O  r-l  J 

o  o  O  B 

•  4  4 

-■tom 
oi  m 

4J  rl  O 
OOO 

4  4  4 

cm  on  in 

CM  CM  t*— 
OOO 
OOO 

•  •  1 

o\  r  m  x 

O-  l,H 

*  •  •  t- 

o-r  Lrun 

t-  '.!» c-  f- 
o  o  o  o 

•  .  .  4 

o  mo 

UNO  1 
HOW  1 

*  4  4  1 

mo  o 
co  men 

O  rH  rH 

•  •  ■ 

CO  rH  in 

rnsN 

OOO 

•  •  * 

1(11 

1  1  1  1 

o  o  o  o 

O  CO  ol  Q 

•lit 

I  1  1  1 

mom 

OIS-OI 

(-ACM  O 
VO  rl  S 

1  1  1  1 

VO  iA‘.0  VO 

till 

till 

•  4  4 

■=t  -t  Jf 

■  •  • 

id  mvo 

1  1  1  1 
11(1 

1  (  (  1 

2.16 

2.26 

1.90 

2.00 

lONOO 
mvo  o  o 

•  4  4  4 

HJ-  sr-  -rt\0 

OOO 
uimm 
•  •  • 

V0  VO  VO 

o  s-o 
woo 

4  4  4 

WWW 

1  1  i  1 

1  1  1  1 
till 

cm  co  r—  o 
co  f-t-co 

.444 

1 

OJ  o  o  o 
o>mo  o 

4  4  4  4 

font  com 

11.90 

11.20 

12.10 

rH  avo 
COvOCQ 

4  4  4 

r  l  OMA  x 
w  OiM  ^ 

U3cn^t-  h- 

o  o  o  o 

4.4. 

CO  nf  o  « 
OOCM  d 

•  •  4  g 

CA  rH  ^t 

OOO 

oun  s- 
o  o  o 

4.4 

OVO  o  X 

on  cm  co 
o  o  O  H 

•  *  • 

inooin 

Oco  i-H 

o  o  o  o 

■  ■  4  4 

OOO 
t»-c6  m  m 
OOH  3 

4  4  4  0 

^S.9; 

OOO 

•  •  t 

o  s-m 

rH  rH  rH 

ooo 

4  *  * 

A 

o  o  o  o 

H  CM  i  A  in 

•  *  *  * 

m-t 

1  1  1  1 

1  1  1  1 

1  1  1  1 

1  1  1  1 

1  1  1  1 

1  1  1  1 

1  1  1 

t  1  1 

1  1  1 

i  1  i 

1  1  l 

1  l  1 

i 

o  o  o  o 
■=r  iTunm 

'-0  VO  (Avo 

o  o  o  o 

CO  rH  O  O 

4  4  4  4 

LflUl 

1 

oo  mo  o 

OJ  o  o  o 

•444 

ins 

1  1  1 
(  1  1 

1  1  1 

ooo  o 

H  O  O 

4  4  4 

mmin 

VD 

CO 


.  C\J 
>-'4- 

-T  rH 
I  CM 

rH  <Y1 
< 

VD  43  l 

i  cdl 


r  H 
rH 

.X 

o'; 


X 

O  O 
-h  m 

43  lA 

O  43--J- 

r?  o 

'll  (Jr0 

c  c  & 

M  H  < 


>  W 

on 

l  CM 

rH  ^ 
< 

-P 
(  aj 

•H  fl) 

fr*  X 


O 
on 
cn 
p  -J- 
o 

b£)r/j 
c  :f: 


CO  H  < 


o 

CM 

c 

& 

!  o 

•H 

CM 

43 

00  1 

r  1  O  4-3 

rH  4-3 

H  3  0 

CM  <0 

11  -o  bo  G 

V0  QJ 

.‘si  u  n  h 

IT\KI 

CO  H  H  <c 

S1 

8* 
h-  p 
h  (tj 

ss 


o 

no 

& 
p  m 
o 


o 

wo 

Win 
w  ^ 

«J  P 
P  Cd 

a)  <u 
cn  tcj 


rH  43 

o 

I 

-=t 

h- 

rH 

00 

co 

W  C> 

r-4  43 

CM  CtJ 

VO  <U 

CO  H  <C 

LAM1 

rH  13 

w  o  , 
3  W  S 
X  £  -rH 
tOH  n; 


1 

5 


•H  O 

o  o 

d)  k 
n.fv, 
<r> 

bO 

r>  c 

c  rH 

3  P 
O  rH 
«  aj 

xs 

c  c 
«J  o 

■H 

P 

cd  o 
rH  3 
TO 

C  H 

S 


o  id 

*H  d) 

v  as 
3  etf.! 
•D  <H  | 
0)  O 

*  I 


co  -h 

O  3  01 
■H  »H  Q, 
P  3 
cd  -t*0 
POO 
MEH 


d 

o  •> 

•*-1  -p 

P  -rt  1H 

k  E  co 
O  H 
Cc  rH 
O 

£  I 


■o  h 

rH  Si 

4)  p 

£23 

_  <U 


-C>  CO  rH  CTy  M  CM  In  Irtjf 

••**•*[*  ft» 

r\J  00  m  rH  i— i  ivy  fr||v^ 

)  rH  rH 


C1  1  1  1  1  ' 

d  /  i  i  i  i 

' — •  I  I  I  I  I 


ook 


5-rHOO  -H  in— 

O  Jy  fr-  rH  lT\  JO 

rH  rH  ^ 


co  ro  cj  in  ro 

i-t  l~t  1-4  rH 


o a>'0  o  t-- 

•  •  •  »  • 

«H  ^  N-  CO 
C\J  H  H  rH  r— 4 


a\ 

•  Xj  «  •  •  •  •  , 

H'— 'in  coco  m  in  r-- 

H  rH  rH  rH  rH  ItH  rH 


J^o  tncu  rH 

•  •  •  •  • 

t'-t'-  nco  CO 


oiwoh  in 

o  cnoco  ji 


^0.^0  Nbj  0\O  OU  \  H 

r<  cornea  j\o*k\j  ino*  cmcd  ,t\ 

£S22I0'S?®  £§88  8 

r-lr-HrHrH  <H  IrH  rH  rH  rH  rH  rH 


J  Jyoool  ^ 

i  ••••[< 

i  <o  noon  pj- 


P  OO  ivy  CM  \.0 

I  •  •  *  •  • 

1  lO  NvQ  ^  h>_ 

I  H 


CM  lO  lO  rH  l£) 

•  •  •  *  rj 

oy  r-  >j\c o  lO 

rH  rH  rH  rH  rH 


CM  CM  rH  CO  CO 
CO  CO  CM  CM  CM 


O  mCO  O  O 

•  •  »  •  • 

CM  Oy  rH  rH  rH 

cnin  n 


a>  x) 
p  p 
d  bOH 

E  G  M 

•H  O  .* 
p  f-i 
rH  P 

O  to 


°i  °?c\Jincoco  N;  oooom 

0^  OJ  Ch  rH  fV)  PO  30  N»  r*>  —j  rv 

53Sm3s  £333  $ 


o  o  o  cm  co 
•  •  •  •  • 

coco  coco  co 
co  in  n  n  n 


p  a. 
to  fi  ttr 
a>  a»o 
e*  p 


T)  O 
PH  C  H 
cdP  3  X3 
Hh  O  Eh 

ac  — • 


H  ') 


*  >  i.'!  i 

•tf  -  i  ( 

'-H  ihD  r~^ 

vrs 

vno  a  ji 

1  •  i  «  i 

m 

roiAn  4 

tO 

C  .-H  mV<‘ 

0 

3  5  1 

•  •  *  » 

P'l  CU  A  n 
rH  (H  1— ( 

• 

<v> 

rH 

1  OYO  OVTD 

1 

CO 

OJ  O  OJ  cu 

rH  rH  rH  H 

f-H 

rH 

D  *  i 

O  cxj  I 


i  *  ; , 

:  1  1  -  <  •  n  '  Vi 

A 

*1 

•  *  •  » 

• 

-A  U  rH  ro 

•  O 

'  1  Vh 

•  n  rA/  ('O  C.VJ 

C\J 

•l<  O  ! 

OVO  f— I 

I  •  I  *  « 

I  I’D 

I  > — I 


C\J 

ON 


HHCOO 

•  •  •  » 

H  HVOVD 

oj  oj  c\j  eg 


t- 


OJ 


c  1 
•11 
u 


o 

o 

I 

I 

I 


vll 

P 

.Li 

trt 

H 


fO  -H  : 

o  r_i  ro 

- -I  i — I  ex 

P  H 
■ti  DO 
P  O  X) 
0  G  P 


-  « 

OJ 

Cl 

o  •. 

*»  -1  P 
♦  '  f  H 
>•«  c  : 
0  *>•  i 
P  P 

o 

s« 

a« 


I 


-  < 1 

">i 


TJ  •> 
rH  .1- 
tl>  43 

■H  hO-H 
k»  C  ra 
oj  .« 
’A  k 
cvj  43 
•  « 


*> 

0)  C  I 

(J  43  | 

it)  M  -4 

il  c  mi 

-h  oj  .m ! 

43  C-,  ! 

r-l  4-5  | 

a>  m  I 


4J  m.  1 

«5  :  vX 

ij  a)  o 

f-H  45  I 


<o 

G 

« 

4J 

a 


X 

t. ; 

4-5  | 

«J  I 
E:  i 


O 

OJ 

lull 


J  I 

■t 


■a 

di 1 

+j| 

it) 

P 

y-i  I 

PH 

) 

::  l 
O  i 

•»  i 

p 

3 

P 

o 


4* 

I 

H 

< 

I 

P 

£-* 


O  Jn  O  O 


<n  3-  if\ 

rH  r“H  <  (-H 


r— 


A  J  inOJ 

.v  '  O  4.0  o~ 


cvj  a  o  i  ft 

•  •  •  • 

JvaD  o  t- 

S-S-COGO 


o  cm  oo  i; 

♦  •  •  • 

‘-A  :J-  tf  U'V 

OOO^I 

r~ I  rH  P  i — | 


00 


X 

o 


'O 

o , 
hO| 
*< 


< 

in 

P 

CM 

vO 

m 


.aco  in  in 


on 

x 


tf  ss 

CM 

•  i*  •  r-s 

« 

m^r  in  -o 

un 

'Hi — 1  i — 1  ■ * 

rH 

'0 

«! 

i  -H  on  un  o 

o 

CTN  0^\  —4 

'O 

si 

l  oocuo 

1  H  H  rH 

vO 

1  r-H 

in  tn 

un 


VO  VO  VO  Ot| 

•  •  •  • 

cn^  33-  oj 
CM  CVJ  OJ  CM 
HHrlrl 


-3-  noo  on 

•  •  •  • 

CM  JVOCO 

■=}■  on^t  on 


-=1- 

CM 

r-H 


CO  onvAH 

t  •  •  ■ 

O  H  CM  O 


o  x  x  o>^r 

•  •  •  •  o 

O  XOO  xx 
oocococo 


< — i 

x 


X 

co 


* 

t£ 

s 

< 


U) 

> 


to 

> 

< 


.0 

..d 

X 


■n 

e 

3 

o , 

vlC 


M 

•H 


+3 

m 

aj 

o 

0) 

4-5 

Ch 

O 

rl 

43 

•H 

J5 

i — ( 

O 

nj 

c 

3 

0) 

CT 

3 

cr 

0 

Sh 

X 

0 

0—5 

<4 

0 

i\J<S 

a 

33  Eh 

4- 

n 

0) 

+  — - 

— s 

1  O 

« 

-C 

G 

S 

m 

43 

—  o 

O 

-4;  • -C 

c 

ex 

tiO 

fr** 

0) 

O 

0  -< 

f. 

4  ') 

G 

43 

U) 

•H 

Ch  .«. 

O 

<1) 

< 

• 

a  0 

d) 

3 

H-r, - . 

m 

0 

Qi 

-o 

•  Ih 

e 

CO 

h  ^ 

X! 

u 

w 

•C  <4 

<  4 

•p 

c 

CM 

4) 

rH  • 

1 

•  5T— >, 

rH 

E 

i  m 

ix 

u  u 

Oh 

*rH 

&4  tH 

0 

2  p 

O 

o  2 

O 

'X 

4) 

iO 

on 

O 

a 

C —  33- 

rH 

1  • 

^H 

a) 

w 

<H  1 

Cc,  ^ 

> 

Pc< 

0  .3 

TJ 

43 

O 

*  * 

0 

0) 

3 

nJ 

..  q 

P 

co  OJ 

P 

O 

H 

■P  O 

c 

p  1 

aJ 

a 

C  rH 

a> 

(H 

rH 

c 

0) 

H 

0 

3 

p 

c 

s 

p 

••  0 

O 

o 

p  •• 

aj 

p  p 

rH 

Ph 

OJ  P 

<D 

C  P 

Oj 

P 

XJ 

ai  c 

U 

<11 

O 

CO 

4) 

in  a> 

P 

G 

1 

43 

P  G 

p 

P 

w 

O 

P 

bO 

al  43 

0 

n 

3 

C  aJ 

C 

ai  v.: 

c 

<D 

T) 

0  CD 

*H 

t*  ai 

JX 

C 

P  Jn 

P 

4-i  F: 

CTJ 

p 

O 

P  43 

p 

a) 

w 

o 

3 

ai 

ij  t 

u 

P  <3) 

d 

O  vl> 

aJ 

>J 

43 

O  U) 

c 

-4  ?  4 

Ph 

O 

CO  <4; 

< 

P  P 

4-4 

0 

c 

:  5 

0 

4^ 

• 

1 

1 

r  -i  a> 

O 

0) — ' 

CO 

O  liO 

c 

cti 

4^ 

j> 

»o  -x 

o 

Cm 

0)  P 

a 

H 

r 

•tH 

CO 

.*5  P 

1 

1 

1 

p 

P 

CO 

n 

rH 

r  1 

o 

P 

co  o 

p 

--X 

j 

d 

Cti 

P  JU 

ctJ 

xo 

vO 

ri 

T3 

01 

to  O 

<n 

1 

f 

cvj 

0) 

C 

0)  ex 

u 

p 

T  4  V 

.0 

cd 

Ph'— 

p 

CH 

Eh 

■  n 

p 

c\J 

cd 

P 

c> 

0) 

>w' 

UJ 

C  1 

o  a 

•H  O 

P  C 

flj  **H 
2ft 

a 

ft  C 
Cx3  ft 


J\  mr—^— >00  o 
•  •  &  , o  *  > 

unco - - *mvo 


O 

VO* 


mcjino 

t  •  t  i 

O  H  o  O 

HHrlH 


un 

* 

o 


uruno  in-~«un 

»  •  »  I  hQ  • 

<M  mine*  — oj 


vo 

on 


.£3 

13 


X) 

S) 

p 

O  03 

o 

■H  Oj 

4 

p  fa 

X)  M 

o  4  sft. 

C  bO 

3 

O  C 

T3  ft 

O  ft 

a)  o 

p 

oc 

10  ID  ol 
P  4  03 

to  o  <13 
a>  o 
E-<  £  O 

•N 

0  fa 

Cfl  *rH 

<13  fa  a, 

CJ  3  <n 

ft  <fa 

•H  H  (X 

ft  M 

P  3 

to  T3  G 
d  a)  ft 

ta 

$ 

0)  P  P 
Eh  4  ft 

to  a  ft  i 

fa  a> 

h  m2 
4  C 
ft  dj  ft 

* — i 

X  O  ft 

4 

4  3 

C 

ft  CO  .* 

O  - 

C  C  to 

ft  P 

d>  a> 

P  ft  ft 

H  £ 

fa  a  « 

<u  ft  w 

Oft.* 

fa  ti« 

aft 

3  (D 

o 

43  am 

fa 

4  co  xl 
fa  P 

(X. 

<U  T3 

a  c  >, 
a  o  xi 
0  0 

43  « 

Eh  cc  -a 

ft  XI 

<13 

a>  p 

E  43  O 

ft  tiUft 

O  C  3 

>H  C  to 

O  Ort  'O 

flj  J* 

cod  o 
p  fa 

0J  P 

<fa  4  Cfa 

P  to 

O  ft 

o 

(fa 

cO 

P  c 
ft  o 

* 

3 

o)  x: 

CO 

4-3  P 

03 

4  60 

OS 

B  C  ft 

d)  to 
fa  0* 
p 
CO 


d  !>i 
OJ  fa 

a  p 

•h  a> 
o  s 
0)  o 

ft  a) 

co  Ml 


»  l  i  I  l  t 

tt)  I  I  I  I  I 

' — ■  I  I  I  I  I 


S’1 

ft 

ft 

<5 

4* 


vo 

i 


COCO 


i  m  ao 


OJ4-  m4-  unft 

ft  ft  i — I  ft  i — I  H 


ft  r— ft  ft  o\ft 
ft  O  ft  ft  O  ft 

ft  ft  ft  ft  ft  ft 


ft 


c  looj  a/  ft  o 
•  «««»* 
vo  4"  VO  CTiVO  mi 
<M  OJ  OJ  CVJ  OJ  m 


ft  co  o  ml  la 

•  •  •  •  I  ■ 

(3  00  4-  m  ft 
ft  ft  t\j  rH  [  ft 


I  I  I  I  I 


■a 

0) 

2 


vO 

ft  -4  4"  OJ 

un 

•a 

ovoo 

C-OJaO 

• 

till 

« 

03 

•  • 

i  •  •  * 

no 

c — c^-co 

ft 

p 

1  lT)  lT\vD 

f*H 

r-^  r~i  r^i 

rH 

4 

H  rH 

1  rH  rH  rH 

o  unft-4-  vo 

O  avCTvOv  av 

ft 


in  o  o  aaao 


ft 

oj 

rH 


cm  h  nnm 

CM  (M  CM  <M 

H  H  rH  rH 


• 

0J 

CM 

rH 


< 

t> 


< 

vo 

l 

ft 

E-( 


4 

(A 


cnm-— v4-  ftO 
‘  Oj  o  o  ft  ft 

ft  '—•'ft  rH  ft 


C\J 


VO 


CVI  ft  CO  OJ  CO  ft, 

omv  o  ft  ft  ml 

4  -4  mm -4-  4“ 


vo 

O 


4f  ON  Ov  un  OJ  4' 

OJ 

uno  ft  o| 

VO 

o  o  m  o  m  m 

4  •  1  •  1  I 

« 

•  •  •  • 

• 

■  i  ■  *  *  * 

in<o 

VO 

OJ  ft  M4 

CM 

4  unftmftcu 

co  men  on  com 

m 

mmmm 

on 

vo  tn  4-  -4  ft  vo 

rH  rH  rH  rH  rH  rH 

ft 

rH  ft  ft  ft  1 

rH 

ft  ft  ft  rH  i — (ft 

« 

M 

bO 

> 

> 

< 

*4j 

a; 

U1  V 
rH 


wi 

■4 


^ _ s 

c 

■o  o 

c 

pft 

C  ft 

P  -rH 

4  xi 

3  x: 

rC 

ft  EH 

0  Eh 

ft  ft 

&,w 

OS' — 

pc,  ^ 

■;  1  .>-1 .  J 

rH 

— 1  C'-'-.O  \D 

o 

ri 

-->0  iA<D 

N- 

C\J  iT\H  o 

-.1  ,  1  >•*'  ( 

t  •  «  1 

• 

• 

• 

X)  •  •  • 

• 

•  •  •  • 

O  1 

i  _ .*  ; 

O  ii*U  s> 

t-i 

KJ 

m  on  3  3  3 

on 

3 

•-'3  mm 

m 

rH  CM  VO  lT\ 

H  r«H  rH  rH 

■V 

jj 

l-f  \ 

l.T\  rH  [>.  OJ 

.TJ 

V<0  1 

rH 

O  nml 

i  c— 

O  m 0^o«il3 

>.g  ^  c —  c\j 

o 

d  -h ! 

• 

«  •  •  j 

1  • 

• 

4  »  «  • 

1  • 

•  •  *  * 

• 

**  -i 

(1)  tfl 

»H 

O  J  hi 

|  -r 

,n  rH  oj  m  zt  c\j 

.n 

ninirih 

in 

rH  CT\  C*" 

VO 

i--5 

.n:nirvn 

in 

:n  in  in  in  mvo 

m 

cvj  m3  m 

m 

m  m  m  m 

on 

rH 

1-5  : 

'0  l 

r  -1 

rH  H  H 

r — < 

i — 1  rH  rH  rH  rH  rH 

i-H 

HHHH 

r— t 

i — f  rH  i — 1  i — 1  1 

rH 

bC 

U) 

to 

> 

> 

> 

£  :*,l 

«£ 

■=< 

< 

< 

a>  £« 

—~~v 

F:  n 

"D  ^ 

- - - 

■S 

H  1> 

'O 

o 

-  c 

c 

■rt  O 

r.)  n 

c 

«H 

-P  •-H 

3  -H 

C  -H 

4>  O 

:3 

c: 

aJ 

ctj  .c 

3-C 

vi  a>  i 

o 

H 

r  H  C-H 

r— 1  pH 

O  Eh 

'  )  u<i 

ir. 

(.t,  ^ 

til 

cd'-' 

Table  VI - Continued 


33 


Taole  VI - Continued 


r 


o  v. 
■■  <  o 

P  id 
i\1  -H 

o 

-  i  c: 

1 1]  *H 


4) 


’>  td 

;  < 
a>  o 

it; 


CO  *H 
O  3  CO 
•H  r-  1  a, 
p  :i 

oo 

P  o  o 
'O  E  rH 


rH 

CtJ 

C 

O  *N 

*H  p 

P  -H  i-H 

<h  e  (o 
o  *h .si 
an 

o 

tl 

Ou 


'0  J' 

rH  ..£ 

<u  **5 
-H  bO*.H 
><  C  CO 
<D  ..‘si 
U 

OJ  P 

d  w 


a)  x: 

p  p 

§ 

*H 

p 


l-.J  d  \^l 

[•  •  >  O  f'H 

1 -~t 

•  *  ,Q| 

■  •  fe 

•  •  • 

1  U  rH  - 1 

H  (ON 

t'O  nm 

in 


i  i  i 


CM  ml  > 


r-  cm 


~0  M  U  O 

■  .  . 

nO  -u-  pf) 


rH  i\) 

(O 

O  po 

CM 

rH  cn 

•  »  • 

« 

•  • 

a 

•  a 

;.nm 

=f 

min 

in 

4*  -3" 

rH  rH  rH 

iH 

rH  rH 

iH 

rH  rH 

CM 


iCVO  O 

i-io  -t  m 

I-H  rH  rH 


r- 

00 


(MUD  zr 
CM  OJ  CM 
rH  rH  f*H 


MO^t  O 
no  . -4- 


mio  O 

*  *  ■ 

NHO 

;-~-covo 

HHH 


00 

N- 


4-  in 

•  . 

O  P- 
(O  >n 


ao 

in 


p-  inko 

•  <  i 

vTlOO 

m3  t*. 

Mi — III — I 


M 

0 

L 

o 

< — i 

4- 

M3 

V- 

•t-i 

•  m  • 

• 

•  • 

• 

<D 

w 

OS  m  rH 

CO 

C\J  CO 

O 

Sh 

Si 

c^-co  N 

r-* 

t>- 

to 

rH  rH  rH 

rH 

*H  rH 

iM 

• 

a 

hfl 

bO 

-*-1 ’•* 

> 

> 

c: 

>>• 

.a 

< 

- — S 

< 

<d 

^  ! 

•s 

CP 

ct 

a  ^ 

•Th 

g! 

^  c 

T5  O 

o 

n  ! 

P  *H 

C  »H 

a 

O  1 

CtJ  P 

3  XJ 

a 

<DJ 

fH  H 

o  ^ 

■  i 

tool 

ton  ^ 

^  m3 !  in 


oooo 

C'-f- 


[“■- 


.d  — 
■—  X 
XJ  o 
C  M 
3  x: 
O  fn 

ccw 


hO 

> 

< 


m 

c 

a> 

e 

r — i 

o 

41 

a. 

03 

P 

<d 

i — i 

Oh 

U 

o 

13 

ai 

p 

cd 

rH 

3 

ei 


O 


P 

s 


Ph 

id 

in 

o 

c 

o 


4) 

T3 


P 
O 
3 
O 
41  Ph 

n  pq 


4> 

> 

Ph 

3 

O 


„  2 
<tf  01  P 

s 


ai  . 
id  bO  p 
<u  <d  03 

UJ 


K*i 

n 
o 
p 

03  O 

p  cd 
3  1h 
O  03 


01 

-H 

P 

01 

id 

ti 

41 


lH 

o 

>> 

p 


id 

3 

a* 

Ph 

o 

o 

a 

<u 

j3 

p 

O 

P 


P 
O  4> 
4)  3 
01  XJ 

P  03 
03  C 
4)  4) 

P  E 


a 

p 


o 

4) 

a. 

01 


X3  P 
4)  Id 
U  M 
41  Ih 
A 

<d  a 
P  o 


c 

o 

n 

1h 


"d 
4) 
p 
o 
3 

X3  XI 


4) 

P 

3 

Ph 

4) 

C 

4) 

bO 


d 

o 

o 

p 

o 

d 


41  P  M 
X  (d 
O  03 
'  d 
13 


4) 

Ph 

3 

P 

fi 

4) 

9 

S 

41 


01 

0) 

Ph  >s 

p 

d 

01  P 

4) 

0) 

?  »H 

hO 

E 

M 

CO 

CO  o 

id 

o 

p  tt 

fc, 

41 

CO  o 

o 

a 

a)  a 

in 

n 

CT\ 

_ _ _ 

_ ^ 

X3 

<D 

a 

d4 


(gj  Failed  through  a  spot  of  porosity, 
(h)  900F  age  temperature. 


Heat  treatments : 


x> 

<1> 

T) 

3 

rH 

O 

C 

o 

o 

I 

I 

I 

H 

> 

cD 
<— I 
jD 

IS 


C  rH 

I 

P  •• 
Cd  P 
OJ  c 

SI 

P 
C  <tt 

o  a) 
P  t. 
p  p 
3 

rH  CD 
O  bO 
CO  < 

I 

t> 

•=T 

I 

rH 

I 


< 


P 

cd 

<D 

U 

P 

2 


cd 

a) 


> 

-3' 

i 

rH 

VO 

I 


P 

c 

0) 

B 

P 

cd 

<d 

u 

p 

c 

o 

•H 

p 

3 

H 

O 

CO 


CO 

rH 

Cvl 

vO 

uo 


O'- * 
\  < 
<  Eh 
CO 
4- 


1  CO 

Oh 

8 

£ 

rH 

uo 

no 

H 

i  w 

rH 

1 

Pc.  Eh 

rH  | 

fa 

o  5 

cT\ 

o 

•  • 

o 

UOif 

"  £ 

4J 

co 

H  CM 

1 

p  o 

c 

rH 

fe 
”  o 

P  00 

c  cn 

§ 

p  •• 
«j  p 
CD  c 

u  a> 
p  s 
p 
cd 
a; 
Eh 
p 


C 

o 


p 

3 

rH 

o 

CO 


ai 

bO 

< 


o 

o 


JO 

o 

c 

<D 

3 

ty 


io 


r-* 

c\ 

<' 

c 

o 

0  < 
bO 

bO 

Sh  f 

c 

u 

•H 

< 

Eh 

B 

in’ 

dr-* 

o  u 

MrH 


m 


28 

scs 

00  t, 

rH  O 

••  o 

P  uo 

c  a\ 

B 

p  •• 
<d  p 
J)  c 

si 

p 
C  Cd 

3S 

P  P 
3 

rH  5J 
O  bO 
CO  < 


I 

H 


cd 

p 


& 


3? 


-h  r> 
^ 

sTj  fH 

V 

o 

^H  C 

it]  -t 


O  'Ts  i — i  o  O 

t  I  •  <  • 

3-  cm  un-3- 

r-1  i — 1  i — 1  r- 1  t—i 


0-3-  LT\-=t  LTC 

•  •  •  t  « 

f'ooo-a-  co  co 

HMrlrl  H 


CO  O  O  r-1 

•  I  •  •  * 

I  CO  CM  CO 

H  MH  H 


L.  - 

O  .ij 
-  1  01 
P  >-H 
C.)  irt  !< 
3 

U  Vh 
<D  O 


CO  POO  o  t 

•  •  •  •  I 

r-l  CM  1-4  .-H 

00  CO  PO  CO  ro 


O  'H  VO  rH  -M" 
«  •  •  •  « 

JVXJvOOO  O 
cn  CM  CM  CM  00 


cm  c-ro  o 

•  I  •  •  • 

I  o  d\  OO 
CM  I  POCM  CM 


.  )  \  » 
0  < 

1 

1 

.r;  a) 

O  H 

r-| 

•t 

O  3 

r/i  »H 

O  3  W 

*■>  '0 

H  rH  CX 

O 

4-5  3 

15  K 

rcJ  r3D 

'O  M 

000 

a  (.^ 

Q 

rO  6  iH 

M  O  (U 

M  Cl 

^  W  13 

-P  I 

w  >y 

U  (1)  .0 

rH 

<h  H 

<rJ 

•r-  'U 

a 

iti  •!>  0 

0 

6-*  rH  O 

•r'i  4-5 

P  H  <H 

CO  'O 

£•«  E:  CO 

c  0 

O  -h 

0)  Jh 

Oh  rH 

h  a. 

O 

Ch 

rH  C7) 

% 

hh  f-O  O 

*  •  •  •  • 

-~f  CM  UO^-  ^ 


-4-  CM  U0O  O 

m-  u"ur\  m  i.n 


CO  N--3-  f- 

*  *  *  ■ 


r-1  rH  r-i  r-1  I  rH 


>-coco  po|j± 

lomo  int-ko 


CM  OVO  OV 

•  I  •  •  • 

in  1  in-g- 


CO  UO^JVOrHlOC 
(  ^  mUj- 


'd  * 
r-i  .a 

(U  P 

■H  to  »H 
JH  C  W 
,  <U  X 
1R  U 
CM  43 

d  « 


CO  O  O  MO  VO 

•  *  I  I  • 

N-rn  O  OO  C7> 
VO  t"—  C'-vQ  VO 


>H  t-CVJ  OMCft 


00  O  OvO  CO 

•  •  •  •  • 

UOO  ONvO  OJ 
C'-C-VO  N* 


(ti  hO 
E  C  H 
•h  V  W 
-P  U  X 

rH  P 

G5  w 


CO  LO^r  CM  CM 

•  •  •  *1  • 

CO  CO  f---  N- 

00  CO  CO  CO  00 


CO  CM  o  lT\  CO 

»  •  •  «  • 

VO  tv-  r-1 

O  O  H  H  H 


O  r-1  O'O 

•  r— s  •  «L  • 

C^wflCMO  N 

Ov^-Ovo  CT\ 


bO 

> 

< 


bO 

S» 

•a: 


to 

> 

< 


Table  VII - Continued 


I 


c  * 

n  a 
•h  a 
4->  c 
cd  *h  f 

cPh^i 


o 

r-i  C 
M  H 


LOCO  LOOb 

Ob 

rH  3- 

CCJ 

vo  c\j 

•  »  •  • 

• 

*  • 

• 

■  • 

LOiO^J-  t— 

lO 

COMO 

CO 

CO  3" 

C  « 

o  aj 

•rj 

p  L 

o 

TJ  <L 

0)  o 

VC, 


ti)  H 

O  3  W 

"■'i 1—1  a| 

P  3 
«J  T3VO 
■POO 
CO  6  H 


gj 

c 

o  * 

<H  P 
P  H  H 

h  B  ra 
O  -nX 

ftrH 

O 

£ 


T)  r> 

<H  jC 
a>  p 

■H  tfliH 

^  c  w 
m  x 

L 

p 

dn 


"O 

a> 

$ 


XI 

a> 

■p 

etf 

<u 

L 

fcH 

c 

o 

H 

-P 

3 

rH 

O 

CO 


>J, 

o 

rH 

fH 

< 

o 

o 

& 


O'O  ObrH 

•  ■  •  • 

H0DNO 


3- 

ro3- 

— f- 

rH  no 

• 

■  • 

• 

«  • 

<T\ 

CCJ  CCJ 

CM 

nOO 

rH  rH 

rH 

rH  rH 

T3 

<u 

bO 

X 


rH  VO  CCJ  OJ 
•  •  •  • 

lT\^t  -=r  -=t 

r-i  rH  r—i  rH 


in 

4) 

OJCO 

m 

rH  m 

• 

P 

•  • 

« 

•  • 

-3* 

flj 

CM  0J 

0J 

moj 

rH 

4J 

H  H 

H 

i— 1  H 

Q£>5Sl£r 

accoaolao 


O  rH  VO  CO 

•  t  *  • 

rH  f-COVO 

r-i  o  o  o 


t- 

OJ 


OQ  5v|  co  t-g  jo 


cocoloo 


rH  (£ 

51  CCJ00 

in 

oj  m 

* 

■  • 

• 

•  « 

X 

mc*- 

vO 

co  x 

o 

rH  rH 

H 

0J  OJ 

rH 

rH  rH 

H 

rH  rH 

ICO 

« 

X 

CVJ 


4)  x! 
P  P 


w 


E:  C?h 

0MAO4- 

•  *  •  • 

x 

• 

oj  a> 

•  • 

o 

• 

ccj  x 

•  • 

rl  11)  W 

rH  CO  JCm 

o 

CO  co 

o 

-3*  rn 

-P  L  .b! 

co  oj  oj  ro 

ro 

OJ  ro 

ro 

rH  4-* 

H  rl  rH  H 

rH 

rH  rH 

rH 

rH  rH 

03 

00 

<=t 


o 


U> 

bO 

bO 

> 

> 

> 

<c 

< 

< 

OJ 

4) 

Li 

Li 

3 

3 

P 

P 

VI 

(3 

ai 

X) 

Li 

L. 

vS 

a> 

4) 

4) 

Q. 

a 

Li 

6 

E 

O 

4> 

4) 

*• 

p 

P 

P 

CO 

4-> 

C 

4) 

4) 

c 

rH 

bO 

b£) 

a> 

3 

3 

6 

4) 

4-> 

•bi 

IP 

Ci< 

O 

O 

O 

a> 

Li 

in 

o 

Jh 

m 

03 

CO 

■P 

•P 

- - . 

s-~%. 

r— “N 

rd 

rQ 

o 

0) 

w 

" - * 

' - - 

rc 

c 

o 


<u 


cr 

o 

X 

o— . 

■a: 

OJa; 

K  Eh 

4 

CO 

♦ 

O'"" 

c 

X  < 

OP 

o 

<  Eh 

w 

CO 

O  < 

L 

+  ' — 

bO 

Jh  + 

o 

■=C 

cx 

co 

o  « 

Li 

L 

bO 

L  -H 

5 

L  ■*• 

O  < 

< 

0J 

i 

H 

L 

1  (0 

ci, 

L  -H 

h 

o 

.C<_ 

o  o 

o 

m 

ro 

rH 

lb— 3* 

H 

i  co 

rH  1 

IP  L 

(JH  O  £ 

o 

•  4 

O 

o 

P 

CO  OJ 

-P  o 

C 

rH  1 

C  rH 

4) 

Pt| 

4) 

E 

o 

E 

P 

••  o 

p  •• 

«J 

P  H 

«J  p 

4) 

C  H 

4)  C 

L 

4) 

Li  OJ 

P 

6 

P  E 

p  •• 

p 

3  P 

C  ITl 

4)  C 

O  4J 

•H 

L  4) 

rH  L 

<H 

P  E 

p  p 

nj 

P 

3 

4) 

C  CTj 

H  QJ 

C 

o  <u 

O  bO 

C 

«H  L 

fo 

<£ 

P  P 

13 

i 

1 

H  d) 
O  UD 

> 

CO  <3 

=t 

i 

• 

r — 1 

1 

1 - 1 

1 

<x 

■3 

10 

VO 

VO 

1 — 1 

i 

1 

OJ 

tH 

fH 

VO 

Eh 

m 

37 


I 


t 


4> 

3 

cv 


O 

i\IO 

ar-v 


a  -p 

♦ 

•,  a: 

+ 

•t;  (p 

.- — s 

■a 

M 

0) 

-*■  v... 

O  M 

x 

LAP 

n 

- — -  CJ 

C-.  <_i; 

'H 

a  \ 

O 

o 

c 

U) 

c0 

0 

U  + 

c  t4 

o 

1 

•j; 

P  c 

s— ■*. 

r 

1 

-♦■ 

1 

a"\  J 

H 

■C  ^ 

P  [x. 

M 

1  O 

> 

p 

fa  O 

1  to 

O  '.Tl 

d) 

fa  E* 

un 

<H 

o  .a 

rO  U 

X> 

IO 

p  O 

(d 

m^r 

PH 

h  rvj 

fa 

i 

•■  o 

fa 

p  m 

••  o 

c  cn 

p  ro 

% 

a  ax 

a> 

p  *• 

6 

CX}  P 

p  •• 

a>  c 

CX}  P 

Eh  0) 

a>  c 

P  E 

Eh  <u 

P 

P  E 

d  nj 

p 

O  0) 

C  nj 

p  Eh 

O  0) 

P  P 

*H  fp 

3 

4-3  4J 

P  <D 

3 

O  bO 

rH  QJ 

in  < 

i 

O  h0 

00  < 

i 

P 

o 

P 

P 

o 

IX} 

P 

P 

5  £ 


a  n>  a 

3  X)  A 

■H 

P 

§ 

rH 

rH  O 

P 

<  P 

id 

•H 

P  M 

P 

fO 

4)  M 

•  a; 

*  M 

r-« 

m  n 

•H 

W  *H 
d)  rH 

M  O 

W 

o  cd 

£  O 

O  p 

H  f- 

O 

u  C 

*H 

o,  o 

f 0 

P 

c 

rH 

o 

U) 

C\J 

D 

C  CO 

VO 

(A 

■H  Q) 

m 

i 

£ 

P  3 
rH  rH 

fl>  aj 

t  :  > 

fH 

■a)  > 

4) 

VO  -=5- 

G  r~i  SZ 

M  P 

Ch 

3  U) 

0 

.*  O 

to  a> 

w 

(4 

<D 

£  P 

•H 

M  r-0 

P 

ctt 

45 

ti 

43  M 

a) 

01  • 

V  M 

Ci  -C  r-| 

cn  h 

o 

+»  It) 

i< 

■H 

a. 

r*i  f-l 

M  O 

rQ  05 

£  o 

05 

P 

w  r- 

rH 

■a  <g 

*H 

ai  S 

r0 

10 

o 

rH 

c 

3  t3 

CM 

45 

TJ  05 

VO 

•P 

0  bO  * 

in 

rH 

<d  >> 
0,  O 

i 

id 

X}  H 

rH 

•H 

M  C  rH 

<  t> 

X 

tip  aj  «5 

VO--J- 

It) 

•H 

c 

P  05-3- 

3 

CO  43  ( 

3  'U  P  I 

1.5  0)  «H 

cci  N  C  !H 
t*  -h  o 

ID  -H  P  Oh 

Q,  >»P  O 


Ducti 


I 


4-> 


Cvj  TO  -\t 

on  eg  oj 


o  go  oj 

C\J  H  -H 


'O 

<D 

N 

tH  C 

rH  n 
I>»  *H 
4-i  4-i  O 


cd 

10  3 

4->  M 

rH 

>* 

Cj  m 

0 

cq  ►h 

O  w 

rH 

(/) 

r*H  f  | 

c 

M  o 

Oj  O 

a) 

2£  o 

in  73 

M 

t= 

:J  rd 

a> 

'0 

«*H 

.c 

r-H 

lJ  (d 

4-> 

(VJ 

'O 

>vO 

o 

1 1  n 

•H  rH 
4J  »H 

n 

<* 

i 

c 

<D 

*H  N 
f/J  W  i  H 

£  £  75 


cd 

4-iOO 

o  >-.  c 
01  u 

to  co 

■*%% 

U  M 

!>  tH  r~  \ 

rn  »-H 

-d  *->  td 

rn  m 

4)  r  H  > 

H  o 

4-  a> 

£  .C 

ft  o 

V,  P5 

OH  lid 

-h  r. 
w  y  <u 

•*l 

o;  .* 

r.VI 

•H  (0  4-5 

gQ 

45  i-'J 

in 

t.  S", 

i 

(U  Til 

n.«  • 

rH 

O  I-H 

«jC  i> 

«4  a>  rd 

go  At 

Ud  tH 

+>  o, 

4)  d) 
rH  !>jJJ 
•H  -O  td 

m 

c  -o 

(U  0)  '0  > 

■p  o  a)  :*s 

?  to  o 

rH  '{3  cd  -h 
rd  O  iH 
-j  'C  nj 
X  Q,  £  w 
it!  cd  > 
*H  CO  .-.t 

C  WxJ  I 

3CHH 

-H  4J  c7| 
i*<  4-5  td '  O 
O  "1  «)  I 

o  id  t-  h 


In  tneae  figures,  ultimate  strengths  and  0.2^ 
offset  yield  strengths  are  normalized  with 
respect  to  Tl-bAlHV  density.  These  normalized 
data  present  the  following  rankings  based  on 
solution  treated  and  aged  strength  and  ductility 


whan  at/ttrion;  VSlUSS  dTC 


f W  unxa 


comparison  no  distinction  is  made  between  tapered 
and  nontapered  thin  section  shapes  of  the  initial 
castings,  as  expected,  the  lower  aging  temperatm 
on  Beta  HI  provided  higher  strengths  at  the 
expense  of  a  somewhat  lower  ductility. 


.iKull  Me 

It  Thin  .Sections,  Room  Temperature 

Ultimate 

Yield 

strength 

strength 

Elongation 

Ti-oAl-4V 

Beta  III 

(900F  age) 

56213 

Beta  III 

Ti-6Al-4V 

(STA) 

T1-6A1-4V 

562  IS 

Beta  III 
96213 

(95 OF  age) 

Beta  III 

Skull  Me 

It  Thick  Sections,  Room  1 

Temperature 

Ultimate 

Yield 

Reduction 

s  trengtu 

strength 

of  area 

Elongation 

IMI70U 

IMI700 

5621S 

5621S 

Beta  HI 

Beta  III 

Ti-oAl-4V 

T1-6A1-4V 

( yOOF  Age) 

(900F  Age) 

Ti-bAl-4V 

T1-6A1-4V 

Beta  III 

Beta  III 

Beta  III 

Beta  III 

IMI700 

IMI700 

(95 OF  Age) 
56213 

(950F  Age) 
5621S 

Skull  Melt  Thick  Sections,  1 

700F 

Ultimate 

Yield 

Reduc  tion 

strength 

strength 

of  area 

Elongation 

IMI700 

Beta  III 

6-A1-4V 

6-A1-4V 

(yOOF) 

5621S 

562IS 

Be ta  III 

IMI700 

( ^ ‘OOF  Age) 
O-Al-hV  and 

Beta  III 

Beta  III 

IMI700 

Beta  III 

(y‘50F) 

(95oF  Age) 

ybl’lS 

0A1-4 V 

56213 

IMI700 

Beta  III 

The  trends  followed  the  normal  combinations  of 
higher  strength,  lower  ductility. 


The  tensile  data,  in  general,  indicate  tnat  the 
strength  level  of  both  thin  and  thick  sections 
are  essentially  the  same  for  each  material 
tested.  Elongation  values  were  considerably 
lower  in  thin  section  specimens  due  to  specimen 
geometry  effects. 

Tn  nrrfer  to  study  this  geometry  effect,  flat  tensile 
specimens  were  machined  from  the  tiiic^  center  section 
of  a  skull  melt  T1-6A1--4V  casting  which  had  been 
solution  treated  and  aged.  Results  of  5  tests 
(average  and  range)  are  listed  in  Table  VIII, 

Table  VIII 

Effect  of  Specimen  Geometry  on  Room  Temperature 
Uniaxial  Tensile  Properties  of  Specimens  Generated 
From  Solution  'Treated  and  Aged  Sku  1 1  Melt  T1-6A 1—4 V  Castings 


Specimen  Type 

Ultimate 

strength, 

ksi 

.2%  Yield 
strength, 
ksi 

£  Hlong. 
in  l_inch 

Flat  -  Thin  section 

Avg. 

158.1 

140.6 

3.6 

Range 

143.0-177.3 

130.8-149.2 

2. 5-5.0 

Flat  -  thick  section 

Avg. 

148.8 

135.9 

4.0 

Range 

145.2-154.5 

126.7-142.6 

2. 2-5. 9 

Round  thick  section 

Avg. 

154.7 

141.3 

8.0 

Range 

151.1-157.3 

137.1-145.5 

6.0-10.0 

Results  of  round  bars  and  thin  test  sections  from 
similarly  heat  treated  parts  are  listed  for 
comparison.  These  limited  data  suggest  slightly 
lower  thin  specimen  strength  for  specimens  taken 
from  the  heavy  section.  However,  it  is  not  possible 
to  reach  a  statistically  valid  conclusion  to  that 
effect.  These  data  clearly  show  that  the  ductility 
differences  between  thick  and  thin  section  specimens 
was  due  to  specimen  geometry. 

A  comparison  of  the  average  tensile  properties 
for  ca3t  titanium  alloys,  from  this  program,  and 
wrought  forms  of  the  same  alloys,  from  published 
data,  Is  3hown  in  Table  IX.  At  room  temperature, 
the  cast  materials  showed  87-987'  of  the  wrought 
yield  and  ultimate  strengths  and  8l-93‘f  at  700F. 
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The  tensile  ductility  of  the  cast  materials  was 
considerably  lower  than  the  wrought  materials. 

Based  on  round  bar  data,  the  room  temperature 
elongation  of  the  cast  materials  ranged  from  20  to 
&8$  of  the  wrought  material  counterpart  with  IMI700 
■bowing  t-he  lowest  percentage  and  5621S  the  highest 


At  700F,  the  cast  material  elongations  ranged  from 
30  to  82%  of  the  wrought  materials  -  again  with  the 
IMI700  showing  the  lowest  and  56ns  the  highest 
percentage . 


Induction  melt  specimens  of  both  T1-6A1-4V  and 
5621S  appear  to  show  somewhat  lower  ductility  as 
compared  to  skull  melt  specimens.  Chemical  analysi 
shows  a  higher  carbon  content  in  the  induction  melt 
specimens  which  might  attribute  to  lower  elongation 
and  reduction  of  areas. 


3 . 1 . 3 . 3  Dynamic  Modulus  Tests 

Resonant  (fundamental  bending)  frequencies  were 
recorded  for  several  vane  segments  prior  to 
machining  into  tensile  specimens.  Results  of 
dynamic  modulus  in  bending  tests  are  given  in 
Table  X.  These  data  are  comparable  to  values  for 
wrought  material. 

3 . 1 . 3 . 4  High  Cycle  Fatigue  Tests 


Cantilever  beam  specimens  of  solution  treated  and 
aged  titanium  alloys  (6A1-4V,  56213  and  Beta  III) 
were  tested  at  room  temperature  in  the  fundamental 
bending  mode.  Specimen  geometry  and  calibration 
strain  gage  locations  are  shown  in  Figure  14. 


Failure 
A 1  -a 


3/4 


Sketch  of  high  cycle  fatigue  specimen 
and  strain  gage  locations 


Figure  14. 


Table  X 


Room  Temperature  Dynamic  Modulus  of  Elasticity 
_ _ For  Skull  Melt  Stylized  Castings _ 


;iuee  lmen 

Modulus  of 
Elasticity 

Identification 

10°  psi 

Ti-6Al-4v  (Annealed) 

A A  2-2-1 

16.0 

AA  2-2-2 

16.2 

AA  1-3-1 

17.0 

AA  1-3-2 

16.4 

AA  4-2-1 

15.5 

A A  4-2-2 

16.3 

T1-OA1-4V  (STA) 

AA  3-1-1 

17.2 

AA  3-1-2 

16.6 

AA  2-1-1 

16.8 

AA  2-1-2 

17.2 

AA  1-2-1 

17.5 

AA  1-2-2 

17.5 

5621S  (STA) 

BB  1-3-1 

16.5 

BB  1-3-2 

16.9 

BB  4-3-1 

16.9 

BB  4-3-2 

16.6 

BB  5-3-1 

14.7 

BB  5-3-2 

16.7 

Modulus  derived  from:  5.43  F2  L3w  x 

10~6 

wt-3 


Where  F  =  resonant  frequency,  cps 

L  =  length  of  rectangular  specimen,  in, 
w  s  weight,  grams 

w  =  width  of  rectangular  specimen,  in. 
t  =  thickness  of  rectangular  specimen,  in. 


■if 


Strain  gages  (ED-OY-O62AK-350)  were  applied  at 
location  A  or.  all  specimens  while  Band  C  location 
gages  verified  that  the  tapered  section  of  the 
specimen  was  constant  stress. 

Adjusted  5  x  10^  cycle  endurance  limits  are 
presented  In  T»h1*>  VT  . 


rw*  i  n  •  *  f 

itf.Ui.tf  A  l 

Cantilever  Beam  Fatigue  Test  Results  (Fundamental  Mode) 
_ for  Sku  11  Me_l t  Stylized  Cast i n gs 


Adjusted  5  x  10°  Cycles 


Alloy 

Endurance 

Limit,  psi 

T1-6A1-4 V  (STA) 

54,000 

70,000 

.y 

* 

55,300 

Ti  5621S  (STA) 

26,300 
29, 500 

fbl 

25 , 000 

(b) 

Ti  Beta  III  (STA) 

33.500 

47.500 

42,000 

(c) 

(а)  o,44  x  10^  cycles  actual 

(б)  3.0  x  106  cycles  actual 

(c )  0,06  x  10°  cycles  actual 


The  data  for  the  6A1-4V  alloys  are  comparable 
to  wrought  values,  which  are  in  the  50,000  - 
70,000  psi  range.  The  highest  value,  70,000  psi, 
occurred  on  a  thin  0.039  Id.  specimen.  The 
thicker  specimens  failed  at  an  adjusted  stress 
level  equal  to  approximately  35$  of  the  ultimate 
tensile  strength.  The  thin  specimen  represented 
45^  of  the  tensile  strength.  The  data  on  the 
56213  and  Beta  III  alloys  are  much  lower  than  the 
expected  values  of  40-60%  of  the  ultimate  tensile 
strength.  These  specimens  failed  at  adjusted 
endurance  stress  levels  of  approximately  <?G  ana 
24  per  cent  of  thin  tensile  strength  respectively 
which  is  what  one  would  expect  with  notched 
specimens.  Data  are  not  available  at  this  point 
to  adequately  explain  the  lower  than  expected 
results.  No  abnormalities  in  internal  soundness, 
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mio restructure,  specimen  preparation  or  tests 
were  observed, 

3.1.3. ‘3  Ba 1  llstic  Impact  Teats 

Rc.'uH;;  or  ballistic  impact  tests  conducted  at 
room  tom.nerat.ure  with  impact  energies  to  7  foot 
pounds  (Ytt  i’pc  velocity)  are  given  in  Table  XII  . 

Tin.-  d.-.ta  show  that  all  of  tne  heat  treated  Ti  alloy 
castings,  except  IMI’OO,  were  relatively  insensitive 
to  craox  formation.  The  nontapered  specimens  with 
heat  treated  surfaces  were  more  resistant  to  impact 
defon.ictt, !  ..ju  than  tapered  specimens  which  were 
machines  after  heat  treatment  to  provide  specimens 
of  uniform  thickness.  The  high  resilience  of  the 
heat  treated  surface  is  attributed  to  the  presence 
ox'  a  a' .000 2  iu.  thick  alpha  stabilized  case  which  is 
known  to  be  of  substantially  higher  hardness  than  the 
normal  alpha-beta  structure  and  thus  is  more  resistant 
to  deformation.  Similar  behavior  was  noted  in  the 
case  line  specimens  of  heat  treated  wrought  T1-6A1-4V. 

3.1.4  Me ta  1  lo, grannie  Evaluation  -  Stylized  Castings 

Netaiiorraphic  examination  was  conducted  to  investigate 
3  predominant  items: 

•  Identification  of  radiographic  defect  indications 

•  Possible  surface  effects  due  to  the  casting  process 
ana  the  subsequent  heat  treating. 

•  General  structure  and  grain  size 

Three  basic  types  of  casting  process  defects  were 
noted.  Two  of  these  defects  are  illustrated  in 
Figure  14.  These  examples  of  gas  porosity  and 
dendritic/sponge  shrinkage  were  discernible  to 
varying  degrees  in  castings  of  each  alloy.  However, 
as  noted  under  Radiographic  Evaluation,  Item  3. 1.1. 2 , 

A STM  Ely 2,  Plate  3  quality  was  met  in  tapered  thin 
sections.  Since  mechanical  test  specimens  were 
selected  from  the  prime  areas  (minimal  radiographic 
indications),  the  casting  process  defects  did  not 
affect  results.  Occasional  examples  of  inclusions  were 
noted  but  these  were  generally  so  small  that  no  attempts 
were  made  to  analyze  them. 

Metallographies,  microhardness  and  electron  microprobe 
analyses  were  conducted  on  as  cast  specimens  to 
determine  whether  any  contamination  of  the  casting 


Table  XII 


Record  of  Ballistic  Impact  Teats  on  Thin, 0.055-0.060  in.. 
Titanium  Alloy  Spe clmens--Skull  Melt  Unless  Otherwise  Indicated 


Alloy 


Impact  Level  -  ft.  lbs 

2  4 

(404  fps)  (570  fps) 


6 

(700  fps) 


(7p5ffps) 


Wrought  (Heat  Treated  Surfac e ) 


T1-6a1-4V  N 

(STA  as  heat  N 

treated  surface )  - 

Cast  (NOntapered  Thin  Paction 

T1-6A1-4V  (STA)(a)  N 

T1-6A1-4V  (STA)  N 

IMI700  (STA)  S 

S 


N  N 

N  N 


Heat  Treated  Surface  ) 


N 

N 


N 

N 

N 

N 

N 

S 

S 


Cast  (Tapered  Thin  Section  -  Machined  Surface ) 


T1-6A1-4V  (STA) 


N 

N 

N 


0 

N 

0 


0 

0 

0 


5621S  (STA) 


N 


N 

N 


N 

0 


Beta  III  (STA) 


N 


N 

N 


N 

0 

N 


N 


N 

N 


S 

s 


c 

0 


0 


N 

N 


(a)  Induction  melt  abbreviations. 

STA  -  Solution  treated  and  aged 
N  -  No  crack 

0  -  Orange  peel  effect  in  pushed  out  metal 

C  -  Cracked  circumferentially  around  bulge 
S  -0. 5-1.0  in.  cracks  radiating  from  impact  point 
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Neg.  No.  8-29&08 

Figure  14,  Typical  examples  of  defects  in  cast  titanium 
alloys  detected  by  radiographic  examination. 
(Keller's  etchant)  (Magn :  100X) 


surfaces  had  occurred  due  to  mold  reaction.  The 
photomicrographs  in  Figure  15  show  no  evidence  of 
contamination.  This  indication  was  substantiated 
by  the  negative  results  of  microhardness  and 
electron  microprobe  surveys. 

Since  it  was  desired  to  fully  heat  treat  materials 
to  maximize  available  mechanical  strength,  post  heat 
treatment  (3TA)  me  tallogr-aphic  examinations  were 
made  of  the  surface  of  thin  test  sections.  Figure 
16  shows  the  presence  of  a  thin  (^-  0.0002  in.)  layer 
of  alpha  stabilized  material  in  a  specimen  of  Ti-bAl-hV. 
Since  this  surface  layer  is  known  to  be  brittle,  it 
was  decided  to  remove  a  0.002  In.  layer  from  the 
surface  of  all  test  specimens  to  eliminate  the  possible 
contaminating  influence  of  this  layer  on  mechanical 
property  data.  Later  use  of  a  tapered  configuration 
for  thin  test  sections  required  surface  removal  for 
specimen  generation.  The  thick  test  sectioned  surfaces 
were  completely  removed  during  specimen  generation. 

The  remainder  of  metallographlc  studies  on  tne  various 
alloys  and  castings  showed  a  wide  range  of  structures 
and  grain  sizes.  Typical  annealed  structures  of 
T1-6A1-4V  alloy  representing  each  casting  process  are 
shown  in  Figure  17.  The  remaining  photomicrographs 
are  Included  to  show  the  wide  structural  differences 
of  solution  treated  and  aged  T1-6A1-4V  (Figure  18), 

5621S  (Figure  19) <  IMI700  (Figure  20)  and  Beta  III 
(Figure  21).  There  were  essentially  no  differences 
in  structure  noted,  except  for  grain  size,  between 
heavy  and  thin  sections  cast  by  a  given  process,  or 
between  castings  produced  by  induction  and  skull 
melting.  Thin  test  sections  were  normally  fine 
grained  and  thick  test  sections  were  generally  coarser. 
The  grain  size  determination  was  conducted  by  comparing 
a  specimen  at  10  diameters  with  plate  1  of  ASTM  £1/2 
which  relates  to  examination  at  100  diameters. 

Table  XIII  lists  the  observed  ranges. 


Magn  500X  Neg.  No.  8-2&561 


Figure  15. 


Typical  as  cast  surface  of  T1-6A1-4V  alloy 
thin  test  section  cast  by  the  induction 
melting  process,  (Ni  Plated  -  Keller's  Etchant) 
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Magn  100X  Nefc.  ;;0  t  6-29363 


Magn  500X 


Alpha  Stabilized 
Surface 


Neg.  No,  8-29^62 


Figure  16.  Illustration  of  surface  effect  related  to 
heat  treatment  in  Ti-6Al-4v  alloy  casting 
STA  condition.  (Keller's  Etchant)  S' 


okuli  Melt 


Meg.  No.  8-305(j8 


Figure 


Induction  Melt  Meg.  No.  8-30631 


y( •  Typical  structures  of'  annealed  (1325F-2  hrs) 
ri-6Al-4v  castings.  (Keller's  Btchant) 


T1-6A1-4V  castings. 

(  Mp  cr  n  1  HOY  ) 


w 


Magn  10 OX  Meg.  no.  8-33070 


~ -  t  f..r 

Magn  500X  Meg.  No.  8-33072 


Figure  18. 


Typical 
castings 
Ktchant ) 


microstructure  of  T1-6A1-4V  alloy 
in  tne  oTA  condition.  (Keller's 


Magn  500X  Neg .  No.  3-33069 


Figure  20.  Typical  rriicrostructure  of  IMI700  alloy 
castings  in  the  3TA  condition. 
(Keller's  Etchant) 
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Table  XIII 


Grain  Size  Determinations  for 
Titanium  Alloy  Stylized  Castings 


Alloy 


T1-6M-4V  Thin 
D621S  Thin 
IMI700  Thin 
Beta  III  Thin 


Casting 

Induction 


6-6 

9.5 


Process 

Skull 

fi-o 

8 

5*5-10 

8 


T1-6A1-4 V  Thick 

5o21S  Thick 
IMI700  Thick 
Beta  III  ThiCK 


1-3  pred.1.5  50%  1-1.9 

50%  3-3.5 

1-4  pred.3  1.5-3 

—  2-4  prea.3 

3 


3.1.5  Instrumentation 


Molds  were  instrumented  to  provide  cooling  curves 
which  could  be  reliably  related  to  microstructure 
and  mechanical  properties  in  thick  and  thin  cast 
sections.  The  ultimate  goal  was.  of  course,  to 
use  instrumentation  on  a  production  basis  to 
optimize  and  monitor  the  casting  practice  and 
predictably  create  desired  structure-property 
relationships  in  selected  areas  of  complex  castings. 

A  summary  of  the  reliable  curves  obtained  in  the 
program  is  given  in  Table  XIV.  Considerable 
difficulty  was  encountered  in  generating  the  curves. 
Problems  included  shorted  and/or  open  thermocouple 
leads  due  to  splatter  of  the  melt  during  pour,  and 
electrical  noise  pickup  in  the  recording  instruments. 

The  cooling  curves  obtained  are  shown  in  Figure  22. 

There  was  considerable  spread  in  the  cooling  curves 
obtained  from  thermocouples  located  in  the  ceramic 
shell  mold  for  castings  poured  using  essentially 
identical  foundry  parameters.  Some  of  the  more 
obvious  factors  that  could  cause  this  variability  are: 

o  Variation  in  mold  temperature  --  the  mold  temperature 
varied  as  much  as  *  50F,  depending  on  the  melting 
practice . 

o  Variation  in  melt  temperature  --  the  metal 

temperature  for  the  skull  process  is  unknown  and 
can  vary  considerably. 


Table  XIV 


Summary  of'  Cooling  Curves  Obtained  Prom 
Instrumentation  of  Titanium  Stylized  Castings 


Cooling  Curves 


C9.3  t!  i  rip* 

D  .  tin 
*  U4*. 

TPTrnTe 

ctlon 

THIcTc- 

Section 

process 

Alloy 

No. 

Cavity 

Shell 

Cavity 

Shell 

Induction 

T1-OA1-4V 

1 

a 

c 

a 

a 

(nontaoered ) 

2 

a 

yes 

a 

c 

3 

a 

a 

a 

c 

4 

yes 

yes 

c 

c 

5 

c 

yes 

c 

c 

6 

yes 

a 

a 

a 

7 

yes 

yes 

a 

c 

8 

yes 

a 

a 

c 

9 

a 

yes 

b 

a 

10 

yes 

b 

b 

c 

56215 

1 

a 

yes 

a 

yes 

2 

a 

c 

yes 

yes 

3 

c 

c 

a 

C 

4 

a 

yes 

yes 

0 

Skull 

T1-6A1-4V 

1 

b 

c 

b 

yes 

(nontapered) 

2 

b 

yes 

b 

yes 

3 

b 

yes 

b 

c 

4 

b 

yes 

b 

yes 

5 

b 

c 

b 

c 

6 

b 

c 

b 

yes 

7 

b 

yes 

b 

yes 

8 

b 

c 

b 

c 

9 

b 

yes 

b 

c 

5621S 

1 

b 

yes 

b 

yes 

2 

b 

yes 

b 

yes 

3 

b 

c 

b 

yes 

4 

b 

yes 

b 

c 

5 

b 

yes 

b 

yes 

IMI700 

1 

b 

c 

b 

yes 

2 

b 

yes 

b 

yes 

3 

b 

yes 

b 

c 

4 

b 

yes 

b 

yes 
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Table  XIV  Continued 


Casting  Pour 

process  Alloy  No. 


Skull  T1-6A1-4V  1 

(tapered)  2 


H 

5 

6 

7 

8 
5 

10 

11 

12 

13 

5621S  1 

2 
3 

Beta  III  1 

2 

3 

4 


Cooling  Curves 

Thin  Section 

Thick  Section 

Cavity 

“3K5I1 

Cavity 

“SHeTI 

a 

c 

a 

c 

a 

yes 

yes 

c 

a 

0 

a 

0 

c 

yes 

yes 

yes 

c 

yes 

a 

c 

0 

yes 

a 

c 

c 

yes 

c 

yes 

c 

yes 

c 

yes 

c 

c 

a 

yes 

c 

yes 

c 

c 

b 

c 

b 

yes 

b 

yes 

b 

yes 

b 

c 

b 

a 

b 

c 

b 

c 

b 

c 

b 

c 

b 

c 

b 

c 

yes 

c 

yes 

c 

yes 

a 

yes 

a 

b 

a 

b 

c 

b 

c 

b 

c 

a  -  Electrical  noise  pickup  made  curve  unreadable 
b  -  No  thermocouple 

c  -  Malfunction  -  short,  open,  too  erratic,  etc.  after  pour. 
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U 

u 

-.5 

f 

«  2000 


niovc  dec t ion  Cavity 


Thin  keotmn  Cavity 
Tap'- red 


.Thick  Section  Cavity 
Beta  III 


Thick  Section  .She  l* 
18* Curves  -  3 


i I  f  l  ip  ^ 

jmMMrnm 

lmmmm 


:C\\Cv>>X8a-vO<; 


>  Thin  Section  Shell 
\ (0.060  in.)  Tapered  - 
8  curves 

-Impeller  Thin  Section  Shell 


Thin  Section  Shell (0. 060  in) 

-Nontapered  -  12  curves 


10 

pi  pure  22. 


Time  from  Pour,  oec 

V  “ 


5S3:«^  " 


o 


Accuracy  in  positioning  thermocouple  -- 
any  variation  in  the  thickness  of  the  first 
two  shell  dips  would  result  in  a  variation 
of  the  couple  position. 


o 


Total  shell  thickness  --  inherent  variation^  in 

mold  thickness  that  occur  in  non-automated  mold 
fabrication  influence  the  cooling  characteristics 
of  the  mold . 


In  addition,  there  was  no  correlation  between  the 
mold  cooling  curves  fox-  the  thicK  and  tnin  sections, 
i.e.,  a  curve  falling  in  the  upper  portion  of  the 
thick  section  range  did  not  necessarily  correspond 
to  a  curve  falling  in  the  upper  portion  of  the  thin 
section  range.  This  was  also  true  for  corresponding 
cavity  and  mold  curves.  In  fact,  there  appeared  to 
be  as  much  variation  between  the  curves  for  a 
casting  as  there  was  between  shell  mold  curves  for 
different  castings. 


The  cavity  curves  were  more  consistent  than  the  mold 
curves,  i.e.,  less  spread.  This  is  understandable 
since  some  of  the  factors  accounting  for  the  varlabilit 
in  the  shell  mold  curves  are  less  influencial  on 
cavity  curves.  The  initial  transient  temperature  of 
the  cavity,  during  the  first  few  seconds  after  pour, 
were  not  reflected  in  the  mold  curves  due  to  the 
inherently  lower  location  related  sensitivity  of 
the  shell  mold  thermocouples.  However,  it  is 
questionable  whether  the  shape  of  the  cavity  curve  in 
these  first  few  seconds  bears  any  practically  useful 
relationship  to  the  structure  or  properties  of  the 
casting. 

There  appeared  to  be  no  correlation  between  the  mold 
temperature  curves  (thick  section  vs  thin  section) 
and  the  basic  microstructure  or  tensile  properties. 

The  only  obvious  correlation  was  with  the  macro  grain 
size.  As  expected,  the  higher  temperature  curves  for 
the  thick  sections  correlate  with  the  larger  grain 
sizes  in  those  sections. 


Because  of  the  aforementioned  variations  and  lack  of 
positive  correlations  the  coul^.ig  curve  data  were 
not  submitted  for  mathematical  analysis. 

In  summary,  it  does  not  appear  that  mold  instrumentatio 
is  a  useful  tool  for  monitoring  the  casting  practice  or 
predictably  creating  specific  structure-property 
relationships  in  titanium  alloy  castings. 


3.2  PHA.'.K  if  -  OPTIMUM  ALLOY  EVALUATION 

3 . 2 .  i  A 1  loy  de lection 

A  !vv  L':;w  of  Phase  i  tensile  data  indicated  that  cast 
Ti-uAl-ny  alloy  (STA)  offered  the  best  combination 
or'  nrnnopties  consistent  with  needs  of  high  speed 
rotating  components,  e.g.,  an  impeller,  over  the 
anticipated  operating  temperature  range  for  such 
components.  IMI700  and  Beta  III  castings  exhibited 
insufficient  ductility,  while  56213  alloy  was 
deficient  in  strength.  In  addition,  T1-6A1-4V  alloy 
castings  exhibited  distinctly  superior  high  cycle 
fatigue  characteristics .  Thus,  T1-6A1-4V  alloy  was 
chosen  for  Phase  II  evaluation. 

3.2.2  Low  Cyc le  Fati gue  Tests  -  Stylized  Castings 

Isotnermal  fully  reversed  strain  controlled  low  cycle 
fatigue  (I, CP)  tests  were  performed  at  room  temperature 
and  700F  on  specimens  taken  from  the  thick  sections 
of  ten  (10)  stylized  castings.  The  data  are  reported 
as  strain  range  versus  cycles  to  failure  for  axially 
loaded  specimens.  Cracx  initiation  lives  are  also 
included.  Both  elastic  and  plastic  strain  values 
followed  curvilinear  paths.  A  comparison  of  total 
strain  range  vs  cycles  to  failure  for  cast  T1-6A1-4V 
(STA)  at  room  temperature,  700F  and  wrought  T1-6A1-4V 
(STa)  at  700F  is  shown  an  Figure  23  and  cyclic  life 
values  are  given  in  Table  XV.  The  cast  and  wrought 
LCF  lives  at  700F  are  essentially  the  same  for  strain 
ranges  less  than  1.0%,  Cast  titanium  room  temperature 
LCF  lives  arekeast  titanium  LCF  700F  lives  below 
3000  cycles  (^fc't  =  1.3$)  and  >  cast  Ti  70QF  lives 
above  3000  cycles.  This  behavioral  change  can  be 
attributed  to  lower  plastic  strain  resistance  of  cast 
Tl  at  room  temperature  for  short  lives  (<0  3000  cycles) 
and  its  higher  elastic  strain  resistance  at  longer 
lives  (>  3000  cycles). 

The  summary  of  low  cycle  fatigue  results,  Table  XVI 
lists  cycles  to  failure  and  crack  initiation,  stress 
ranges  and  elastic,  plastic  and  total  strain  values 
for  all  tests  conducted.  The  strain-life  plots  are 
shown  in  Figures  2k  and  25. 


Total  Strain  Range 


Cycles  to  Failure 

Figure  23.  Comparison  of  low  cycle  fatigue  properties  of 
cast  and  wrought  T1-6A1-4V  (STA) 


Table  XV 

Comparison  of  Strain  Range  to  Cycles  for 
Cast  and  Wrought  T1-QA1-4V  (STA) 


_ Cycles  to  Failure 

Strain  Range,  %  Cast  Fi.T.  Cast  ?O0P  Wrought  7PPF 


3.0 

26 

225 

2.0 

400 

845 

1.5 

1600 

1820 

1.0 

8400 

5300 

0.9 

13500 

8000 

690 

1650 

2850 

5500 

8300 
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Table  XVI 


summary  of  Low  Cycle  Fatigue  Results 
_ For  Cast  T1-6A 1-4V  (STA)  _ 


_ . 

ttoorn  Temperature  20  epm 

dp  O'.'  , 

Cycles  to 

C  ra  c  k  / ,  \ 

Initiation^  ' 

Cycles 
to  Failure 
_ Nf 

Elastic 

Stress 

Range 

2Ja  ,  xsi 

Cyclic  Values 
8 tram  Range. 
Elastic  Plastic 

A  c.  <=»  .'4  CP 

* 

Total 

A  t- 

•<-l 

>s 

24 

326.3 

1.954 

1.219 

3.173 

7o 

103 

295.0 

1.770 

0.750 

2 . 520 

L.  —  C. 

3 1  o 

pbl 

274.3 

1.643 

0.362 

2.004 

d- 1 

1413 

1531 

231.0 

1.380 

0.144 

1 . 524 

i-2 

2722 

4394 

184.4 

1.104 

O.O89 

1.193 

0-1 

o364 

0657 

173.5 

1.040 

0.030 

1 .070 

10-1 

1 4  88  5 

16149 

7  OOF 

149.0 

5  cpm 

0.890 

0.007 

O.897 

2-1 

14 

40 

220.8 

1.566 

3.493 

5  .Opy 

i  - 1 

7  o 

112 

219.0 

1.553 

2.335 

3.86b 

3-1 

162 

226 

191.2 

1.356 

1.723 

3.075 

10-2 

P0y 

627 

180.2 

1.278 

0.857 

2.135 

P-1 

iuBp 

1339 

158.7 

1.126 

0.507 

1.633 

8-2 

2705 

3227 

148.0 

1.050 

0.173 

1.223 

6-2 

5609 

6002 

126.3 

0.896 

0.071 

0.967 

1-1 

11893 

12873 

118.0 

0.836 

0.006 

0.842 

*  Approximate  naif-life  values 

(1)  Values  taken  for  a  100  pound  load  drop 
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3.2.3  Tensile  Tests  -  Impeller  Casting 


The  cast  impeller  used  for  tensile  property 
evaluation  is  shown, in  Figure  26 .  Th$  gating  was 
removed  prior  tchbat  treatment.  After  solution 
treating  and  aging,  the  casting  was  further  sectioned 
to  provide  speciments  for  tensile  t.ests.  The  only 
area  suitable  lor  specimens  was  the  base  plate.  To 
provide  a  more  accurate  determination  of  strength, 
five  flat  cnordal  specimens  (sub.il  zo )  ana  p  flat 
radial  specimens  were  made,  alternating  the  location 
to  thus  provide  1  radial,  1  chordal,  etc.,  as  shown 
In  Figure  27.  Results  of  testing  are  given  in 
Table  XVII.  The  aata  indicate  that  full  soiutioning 
and  subsequent  aging  may  not  have  oeen  achieved 
throughout  the  casting  due  to  tne  mass  of  material 
which  prevented  a  rapid  quench.  Yield  strength 
(0.2£  offset)  approaciied  tne  ultimate  tensile  strengths. 
Elongations  were  quite  low  averaging  only  a  figure 
approximating  elongations  of  thin  test  section 
specimens  from  stylized  castings.  The  chordal 
elongations  are  higher  due  in  part  to  measurement 
over  a  0.6  in.  length  instead  of  the  usual  1  In, 

The  chordal  specimens  do  show  that  the  quench  was 
more  thorough  near  the  impeller  circumference  due 
to  the  smaller  mass  in  that  area.  It  had  been 
intended  to  generate  specimens  from  the  shaft  area 
but  examination  of  a  2 -inch  diameter  section  showed 
a  void  which  precluded  specimen  preparation. 

Radiographic  examination  of  the  tensile  specimens 
showed  only  wean  sporadic  indications,  none  of  which 
was  associated  with  the  tensile  fractures.  Chordal 
specimen  strength  data  showed  good  correlation  with 
data  from  the  heavy  sections  of  stylized  specimens, 
i.e.,  Ip6  ksl  ultimate  strength  for  the  Impeller 
vs  155  ksl  for  the  stylized  casting. 

3*2.4  Meta  Hog  rap  hi  c  Evaluation  -  Impeller  Casting 

Basic  microstructure  of  the  impeller  casting  (ETA) 
were  essentially  identical  to  those  observed  in 
stylized  castings  (STA)  with  respect  to  grain 
boundry  and  matrix  characteristics .  Grain  size  was 
rated  in  the  same  manner  as  described  in  Phase'  1, 
paragraph  3.1.  Grain  size  in  the  base  plate  area, 
from  which  chordal  tensile  specimens  were  generated, 
was  approximately  7-1/2  -y  as  compared  to  1-3  and  h 
for  the  thick  and  thin  sections  of  the  stylized 
castings. 


Neg.  No.  8-33037 

Figure  26.  As-cast  Ti-oAi-^V  alloy  impeller.  Casting 
was  sectioned  along  dotted  line  prior  to 
neat  treatment  and  subsequent  preparation 
of  tensile  specimens.  (Magn  1G0X) 


Metallography 


Radial  (3  in.  length) 


Chordal  (2.2  in. 

length ) 


Figure  27.  .Sketch  showing  location  of  tensile  and 
metallographic  specimens  from  Ti-bAl-4V 
£kull  melt  Impeller  casting. 


3 •  2 . t>  Spin  Testing 


One  Impeller  casting  was  procured  for  spin  testing. 
Fluorescent  penetrant  Inspection  iFPl)  of  the  casting, 
in  the  as  rece Lved  condition,  revealed  cracks  in  several 
airfoils,  3ome  of  which  were  through  cracks  as  long  as 
0.5  in.  In  addition,  several  small  cracks  were  noted  in 
the  surface  of  the  hut;  between  the  roots  of  airfoils. 
Typical  FP1  Indications  are  shown  in  Figures  28  and  29. 

A  few  of  the  airfoil  cracks  increased  in  length  during 
subsequent  solution  treatment  but  no  growth  occurred 
during  aging. 

Visual  examination  revealed  some  minor  surface  pitting 
on  the  outside  diameter  of  the  hub  between  the  airfoils. 
This  condition  probably  was  a  result  of  micro: racing  of 
the  tungsten  face  coating  of  the  shell  mold  related  to 
disparity  in  the  curing  cycle  of  ceramic  shell  material 
in  these  extremely  tight  blind  recesses. 

Prior  to  heat  treatment,  a  large  portion  of  the  heavy 
gating  was  removed  to  Insure  an  adequate  quenching  rate 
in  the  hub  area.  The  easting  was  solution  i reaped  a* 
1790F  -  1  hr  (Argon'  +  H >0  quench  and  aged  at  1000F  - 
h  lire  (Air)  +  A/C. 


This  impeller  was  cast  from  a  different  heat 
than  had  seen  used  t.o  produce  the  sty  li  red  e 
first  impeller  casting  that  was  used  to  g>-ne 
property  data.  The  casting1:  supplier  suggest, 
solution  temperature  might  have  been  bene  fie 


fferent  heat  of  mat.erlai 
e  stylized  casting  and  the 
used  to  generated  mechanical 
.tier  suggested  that  a  lower 


fracture  tougher 


e  -  r  -  -  -  -  —  'r-f  'r  1 

'mperature  might  have  been  beneficial  from 
bughnegs  g tandpo Lnt . 
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Table  XVII 


Koom  Temperature  Tensile  Properties  of  Specimens 
Generated  from  T1-0A1-4V  Impeller 
_ Cast  by  the  skull  Melting  process  ___ 


Locat Lon 

UTS , 

4  S  1 

o,2%  Yo, 
kai 

Modulus 

Elongation,  of  Elasticity 
%  10®  pal 

Note 

Had  la 1 

1.4  4  ,  ,1 

14o .  6 

2.2 

15.8 

Elongation 

Had i a  1 

1  U  ,  M 

1 4  5 . 6 

5.0 

13.8 

Measured  in/ in 

Hadial 

1-4  0  .  U 

140.5 

5.3 

Not  measured 

Radial 

la7 .4 

146,7 

3.5 

Not  measured 

Hadial 

144,0 

131.0 

4.2 

Not  measured 

Avg 

.  14o.l 

140.5 

4.0 

ro 

Cnordai 

It  7. 3 

— 

13.1 

Not  measured 

Elongation 

Chordal 

1  o  1 , 9 

146,3 

9.8 

Not  measured 

Measured  in 

Chordal 

1  do .  0 

136.0 

8.0 

Not  measured 

0.6  in. 

Chordal 

in 3 . 0 

144,0 

8.1 

15.9 

Chordal 

161.0 

131.0 

11.3 

16.0 

Avg 

.  l-jb'.d 

l4o.l 

10.0 

15.9 

Heat  Treatment : 

Solution:  175QF-1  hr 

in  argon  - 

HgO  quench 

Age  : 

1000F-4 

hrs  -  air  cool 

Preliminary  evaluation  of  the  deficiencies  noted  in  the 
casting  suggested  that  the  condition  of  the  Impeller  was 
marginal  relative  to  spin  testing.  However,  it  was 
considered  appropriate  to  conduct  the  spin  test  as 
programmed.  The  appearance  of  the  impeller  as  finish 
machined  for  spin  testing  is  shown  in  Figura  3C, 

The  impeller  wan  spin  tooted  at  room  temperature.  The 
procedure  core  in  ted  or  ginning  at  /.o ,  uuo  rpm  for  0 .  [  min 
and  then  increasing  the  speed  In  Increments  of  0,000  rpm, 
holding  for  U.h  min  at  each  step.  Failure  Occurred  at 
bu,Q0Q  i'pm  in  the  airfoils.  An  overall  view  of  the 
failed  impeller  is  shown  in  Figure  _•)!.  The  exact  origin 
of  failure  coaid  not  be  determined.  However.  Use  failure 
path  Included  portions  of  at  least  two  pre-existing  cracks , 
one  of  which  was  a  through  crack  approximately  l.o  In 
long,  as  evidenced  by  the  heat  tinted  surface  shown  in 
Figure  _J/2.  The  aforementioned  deficiencies  in  the  outside 
diameter  surface  of  the  hub  were  not  involved  in  the 
failure.  The  failure  rpm  was  only  half  of  the  predicted 
burst  rpm. 

It  was  predicted  that,  burst  of  this  impeller  would  occur 
near  100,000  rpm.  This  prediction  was  based  on  the 
following  criteria: 

o  Biades  and  hub  were  to  print. 

o  Elongation  was  in  excess  of 

o  There  were  no  flaws  of  critical  size  such  that  fracture 
toughness  became  the  basis  on  which  to  predict  Durst. 

o  Failure  would  be  based  on  ultimate  strength. 

The  calculations  utilized  the  following  mechanical  proper-tie 
which  were  determined  earlier  in  the  program. 

Ultimate  strength  -  1^0,000  psi 
Elongation  -  6 % 

Density  -  0.160  lbs  per  cu  in 

The  prediction  was  based  on  calculations  that  utilized 
pre-existing  data  obtained  from  steel  impellers  of  the 
same  configurat 1  on ,  making  the  necessary  adjustments  for 
density  differences.  Utilization  factors  (average 
tangential  s tress/ ul timate  tensile  stress)  of  O.VH  and  1.0 
were  employed  In  the  hub  and  airfoil  stress  analyses, 
respectively.  Because  of  the  difference  in  utilization 
factors  the  predicted  burst  speeds  based  on  both  the  hub 
and  airfoil  analyses,  were  essentially  the  same. 


It.  wa r  calculated  that,  at  failure,  the  average  tangential 
at reai-  of  the  nub  reached  26,000  pal  with  maximum  stresses 
as  high  as  70,000  psl  at  the  bore.  The  airfoil  experienced 
maximum  stresses  of  approximately  32.000  psl.  It  was, 
therefore,  concluded  that  the  defects  In  the  airfoil  were 
of  such  a  magnitude  that  the  structure  was  unable  to 
realize  its  inherent  ultimate  strength  capability. 

lost  spin  tensile  tests  were  conducted  on  chordal  specimens 
t-fli/en  f K>n>n  t_ h p  web  of  ♦’he  impeller,  as  illustrated  in 
Figure  27.  The  average  results  are  as  follows: 

Ultimate  strength  -  160,000  psl 

0.2%  Yield  strength  -  165,000  psl 

Elongation  in  1  inch  -  4.0% 

The  strengths  are  slightly  higher  and  the  elongation 
slightly  lower  than  determined  earlier  in  the  program. 

These  differences  in  data  suggest  slightly  lower  fracture 
toughness  tnan  anticipated  prior  to  spin  testing.  This 
condition  simply  amplifies  the  influence  of  the  afore¬ 
mentioned  airfoil  defects. 

It  appears  that  the  state  of  the  titanium  casting  art  in 
existence  at  the  time  the  impeller  was  cast  was  not 
adequate  to  produce  an  unusually  complicated  impeller  shape 
capable  of  demonstrating  full  realization  of  its  mechanical 
properties  in  a  high  speed  rotating  application.  However, 
the  casting  supplier  has  manufactured  somewhat  simpler 
impeller  shapes  which  have  performed  satisfactorily  in 
high  speed  rotating  applications. 
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toagn  2/3X  Neg.  No.  8-33^93 

Figure  30.  Ti-6Al-^V  cast  Impeller  finish 
machined  for  spin  testing;  cast 
by  REN!  Metals  Corp. 


SECTION  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 


There  is  no  apparent  need  to  develop  new  titanium  alloys 
for  the  purpose  of  producing  complex  cast  shapes. 

The  castabllity  of  T1-6A1-4V,  56215,  IMI700  and  Beta  III 
alloys  is  essentially  the  same  and  is  sufficient  to 
permit  casting  of  complex  shapes  with  high  aspect  ratio 
thin  sections. 

A  slight  taper  of  1-3  degrees  is  required  to  achieve  high 
levels  of  internal  soundness ,  e.g.,  ASTM  E192 ,  Grade  3  °r 
better,  in  thin  cast  titanium  sections,  e.g.,  0.060-0. 080  in 
with  aspect  ratios  of  -^-20:1. 

Contamination  of  cast  titanium  surfaces  related  to  mold 
reaction  can  be  avoided  by  use  of  refractory  metal  face 
coated  ceramic  shell  molds. 

The  skull  melting  process  is  more  amenable  than  tne  bottom 
pour  induction  melting  process  to  production  of  complex 
titanium  alloy  castings  with  high  aspect  ratio  thin  sections 
which  require  high  levels  of  Internal  soundness. 

Induction  melting  has  considerable  promise  as  a  means  for 
producing  titanium  castings  of  relatively  simpler 
configurations  than  those  Involved  in  this  program. 

Of  the  cast  alloys  Investigated,  T1-6A1-4V  offers  a 
combination  of  mechanical  properties  compatible  with 
requirements  cited  by  designers  of  advanced  gas  turbine 
engine  rotating  components  such  as  a  compressor  impeller. 

Instrumentation  of  ceramic  shell  molds  to  record 
solidification  and  subsequent  cooling  curves  is  not  a 
useful  tool  for  optimizing  or  monitoring  titanium  alloy 
casting  practices. 

Castings  of  T1-6A1-4V,  56215  and  Beta  III  alloys  have 
excellent  resistance  to  damage  from  impact  by  high  velocity 
foreign  objects.  IMI700  alloy  is  relatively  susceptible  to 
ballistic  Impact  damage. 
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Uniaxial  tensile  ultimate  and  0  .  P4!  yield -strengths  of 
appropriately  heat  treated  T1-6A1-4V,  p o2l3 ,  IMI700  and 
Beta  III  alloy  castings  are  essentially  equal  in  heavy 
and  thin  sections  and  to  strengths  exhibited  by  these 
alloys  in  wrought  form.  Tensile  ductility  is  somewhat 
lower  In  the  cast  form. 

7 OOF  ca3t  and  wrought  LCF  lives  for  T1-6A1-4V  alloy  are 
essentially  the  same  x’or  strain  ranges  less  than  10£>. 

No  room  temperature  wrought  data  were  available  for 

comparison . 

The  t>  x  10°  cycle  endurance  limit  of  cast  T1-6A1-4V  alloy 
is  comparable  to  that  of  the  alloy  in  wrought  form.  The 
endurance  limit  to  ultimate  tensile  strength  ratio  for 
cast  5b21S  and  Beta  III  alloys  is  considerably  less  than 
exhibited  by  cast  T1-6A1-4V. 

Additional  studies  should  be  conducted  to  determine  whether 
mechanical  properties  of  titanium  alloy  castings  can  be 
enhanced  through  the  use  of  unique  thermal  treatments. 

Induction  melting  should  be  further  evaluated  to  determine 
the  range  of  applications  and  economic  advantages  which 
could  be  derived  from  this  casting  method. 

The  state  of  the  titanium  casting  art  in  existence  at  the 
time  the  unusually  complicated  impeller  shape  evaluated  in 
this  program  was  cast  was  not  adequate  to  produce  an  impeller 
capable  of  demonstrating  full  realization  of  its  mechanical 
properties  in  a  high  speed  rotating  application. 
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